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Abstract
Cavitation bubbles have been studied for their role in damage to turbo machinery such
as ship propellers and other applications such as in shock-wave lithotripsy for destruction
of kidney stones, as potential agents for drug delivery into cells, and for ﬂow actuation
for pumping. A variety of methods, both numerical and experimental have been reported
in the literature to study the dynamics of a bubble under diﬀerent conditions. In this
thesis, an experimental study of the dynamics of a non-equilibrium bubble close to a
rigid boundary is presented. We apply the phenomena to the pumping of ﬂuids and the
controlled formation of sprays and jets, both at the micrometer and millimeter length
scale. High-speed photography was used to visualize the bubble dynamics.
A bubble near a rigid wall is known to collapse with a jet towards the wall. A hole
at the location of the jet impact can therefore lead to the pumping of ﬂuid from one side
of the wall to another. In the ﬁrst part of the thesis, the eﬀect of viscosity of the ﬂuid
on the formation of the bubble-induced jet and the subsequent pumping was studied,
both qualitatively and quantitatively. Solutions of diﬀerent viscosity were obtained by
using diﬀerent concentrations of glycerine in water. The pumping eﬀect was studied by
observing the jetting of the bubble through a hole in a transparent Perspex plate. In
the second part of the thesis, the formation of two impacting jets due to an oscillating
bubble near a hole in a plate located on the water surface is presented. A silicon plate
with a hole of a few micrometers in diameter is placed at an air-water interface and
subject to a focused shock-wave from a lithotripter. A bubble is nucleated below the
hole. The expansion and subsequent collapse of the bubble leads to two jets of liquid - a
slow primary jet and a faster secondary jet through the hole. The jets impact each other
and form a thin liquid sheet with a ring of droplets. The sheet and ring subsequently
vi
break up into a spray. To understand the mechanism behind the jets, the experiments
are replicated on a millimeter length scale. A transparent Perspex plate with a hole of
similar aspect ratio is placed at the water surface and a bubble is created below it using
a low-voltage spark-discharge system. Similar impacting jets were observed. High-speed
photography is used in both studies which gave an insight into the mechanism leading
to the jet impact. The experiments demonstrate a novel method for creating a high-
speed jet and droplet sprays on demand using an oscillating and collapsing bubble. The
ﬁndings may have potential in biomedical applications.
vii
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5.1 Schematic of the experimental set-up. The bubble related dimensions are
indicated in the rectangular box on the right. Here Rm is the maximum
radius of the bubble, Rh is the radius of the hole in the plate, H is the
distance between the center of the bubble and the bottom of the plate.
The thickness of the plate is denoted by L. . . . . . . . . . . . . . . . . . . 81
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oscillating bubble near a holed plate. The time (in ms) is indicated at
the bottom of each frame. The plate has a thickness of L = 12 mm and
a hole of radius Rh = 0.5 mm. Note the formation of an initial `primary
jet' as the bubble expands into the hole (t = 0.53 and 0.97 ms) and a
tapering down of its bottom portion and the formation of an `air-gap' at
the top of the hole as the bubble shrinks (t = 1.27, 1.70 and 1.73 ms). The
bubble collapse and rebound leads to a perturbation propagating upwards
through the hole between t = 1.73 to 1.87 ms when the activity is mainly
within the hole (see Fig. 5.3 for a clearer picture). The jetting induced in
the collapsed bubble leads to pumping of ﬂuid through the hole. First, the
liquid present in the hole is pushed against the air-gap and it comes out of
the hole as a `spray jet' (t = 2.13 ms). Later, further liquid is pumped by
the bubble and comes out as a thicker continuous `secondary jet' (t = 3.50
ms to 5.80 ms) which is distinct from the `primary jet' and the `spray jet'.
The scale bar corresponds to a length of 2 mm. The maximum radius of
the bubble obtained is Rm = 6.3 mm . . . . . . . . . . . . . . . . . . . . . 85
5.3 The images of the sequence of Fig. 5.2 are shown (with background sub-
tracted) to get a clear idea of the mechanism within the hole. The bubble
expands into the hole as seen by a dark vertical line at the bottom of the
hole (t = 0.53 and 0.97 ms). As the bubble shrinks (t = 1.27 and 1.70
ms), it leads to a back-ﬂow in the hole and an `air-gap' is formed near the
top of the hole (t = 1.70 ms). The bubble collapses at t = 1.73 ms, and
it leads to a perturbation propagating through the hole which is seen as
a faint dark vertical line within the hole at t = 1.73 ms and then as alter-
nating dark (air) and grey (liquid) areas within the hole from t = 1.73 to
1.87 ms. The collapsed bubble pumps liquid and possibly remnants of the
bubble into the hole due to jetting induced upon collapse. This pumped
liquid is seen as a dark line moving forward at the bottom of the hole from
t = 1.87 ms onwards. The pumping induced by the jet also pushes the
liquid originally present within the hole. This liquid in the hole interacts
with the `air-gap' and emerges in the form of a `spray jet' at t = 2.13 ms.
The `spray jet' leads to break-up of the `primary jet'(t = 3.50, 3.80 and
4.13 ms). Later, the ﬂuid pumped through the hole by the bubble is seen
in the form of a continuous `secondary jet' through the hole from t = 1.87
ms to 5.80 ms which can be seen at the top of the hole at t = 3.50 ms.
The scale bar corresponds to a length of 2 mm. . . . . . . . . . . . . . . . 87
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5.4 The eﬀect of varying the plate thickness on the characteristics of the jet
and the bubble at the bottom is shown. The plates used here have thick-
nesses of a) L = 2 mm, b) L = 5 mm and c) L = 12 mm. The hole radius
is Rh = 1.0 mm in all the plates. For Case a) note the total ejection of
the liquid in the hole due to the bubble expansion (t = 0.80 ms). The
subsequent bubble dynamics are diﬀerent from that of a submerged non-
equilibrium bubble. The maximum bubble radius is Rm = 3.9 mm. In
Case b) the bubble splits into two upon collapse. The jet characteristics
are similar to that of Fig. 5.2 but driven by the top half of the split bub-
ble. The bottom portion of the split bubble moves away from the plate.
The maximum bubble radius Rm = 5.3 mm in this case. In Case c), both
the jet and bubble characteristics are similar to that in Fig. 5.2. Both
the `primary' and `secondary' jets are thicker here due to the larger hole
radius used as compared to Fig. 5.2. The bubble reaches a maximum
radius Rm = 5.1 mm. The scale bar corresponds to a length of 2 mm. . . 90
5.5 The eﬀect of using a tapered hole in place of a cylindrical straight hole
on the jet characteristics is shown. The plate used has a tapered circular
hole with Rhs = 1.0 mm as the radius of the smaller end and Rhl = 1.2
mm as the radius of the larger end. In a) the plate is positioned with the
Rhl at the air-water interface (on top) and in b) the smaller hole Rhs is
at the air-water interface (on top). The corresponding images from both
sequences are chosen to correspond to bubble formation at t = 0.00 ms ,
maximum bubble size at t = 0.77 ms (5.5a) and 0.87 ms (5.5b), bubble
collapse at t = 1.27 ms (5.5a) and 1.50 ms (5.5b), the ﬁrst appearance of
the `spray jet' on top at t = 1.67 ms (5.5a) and 1.87 ms (5.5b), and ﬁnally
four frames to show the subsequent evolution of the jet and spray from t
= 2.10 to 3.70 ms (5.5a) and t = 2.07 to 3.30 ms (5.5b). The character
of the jet in both cases is similar indicating that a slight taper does not
greatly aﬀect the jet characteristics. The plate used has a thickness of
L = 12 mm. Water is ﬁlled upto the top of the plate. The scale bar
corresponds to a length of 2 mm. . . . . . . . . . . . . . . . . . . . . . . . 93
5.6 Figure shows the eﬀect of varying the water level with respect to the plate
on the jet characteristics (a-c). The plate used had a thickness of L = 12
mm and hole radius of Rh = 0.5 mm. The water level is indicated with
a dotted dashed horizontal line - a) Plate just submerged, b) Plate half-
submerged, and c) Plate just above the water surface. Note the absence
of the `primary jet' due to bubble expansion in Fig. 5.6a. The maximum
radius of the bubble was Rm = 5.6 mm. In Fig. 5.6b, the sequence of
events is similar to that in Fig. 5.2. The maximum bubble radius attained
was Rm = 5.7 mm. In case 5.6c, the bubble expansion pushes some liquid
into the hole and causes it to come out as a `primary jet' (t = 0.77, 1.43
and 1.53 ms). A prominent `spray jet' could not be distinguished upon
bubble collapse because of the limited amount of ﬂuid present within the
hole. However, a small amount of ﬂuid is subsequently pumped through
the hole by the jet induced by the collapsed bubble (the `secondary jet').
This can be seen as a faint vertical line at the bottom of the hole at t =
4.13 ms. The maximum bubble radius obtained was Rm = 5.0 mm. The
scale bar corresponds to a length of 2 mm. . . . . . . . . . . . . . . . . . . 94
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5.7 The eﬀect of varying the hole radius Rh in the plate on the jet charac-
teristics is shown. The hole radii used, and the bubble maximum radii
attained are a) Rh = 2.0 mm, Rm = 4.1 mm, b)Rh = 3.0 mm, Rm = 3.5
mm, c)Rh = 6.0 mm, Rm = 4.7 mm, d)Rh = 7.5 mm, Rm = 5.5 mm,
e)Rh = 9.0 mm, Rm = 2.7 mm, and f)Rh = 12.0 mm, Rm = 3.1 mm. In
a), the sequence is similar to that of Fig. 5.2 with a `primary jet' (from
t = 0.77 to 1.47 ms), a subsequent `spray jet' (t= 1.67 to 2.77 ms) and
ﬁnally the `secondary jet' through the hole (t = 3.87 and 6.47 ms). b),
c), and d) show a similar behavior - the bubble ﬁrst expands into the hole
but only a faint or no `primary jet' is distinguishable. This is due to the
large volume of liquid in the hole (due to large Rh) relative to the volume
displaced by the bubble. During bubble shrinkage, an air-gap is formed
on top of the hole in all three cases [t = 1.10 ms in b), t = 1.23 ms in c),
and t = 1.30 ms in d)]. A crown like structure is observed on top of the
hole in all three cases upon bubble collapse. For e), the bubble collapses
and oscillates almost spherically. Due to the large hole radius Rh, the
presence of the plate and the free surface simultaneously near the bubble
leads to opposing inﬂuences on the bubble to form a jet and the bubble
simply oscillates. In f), the bubble behaves as if near a free-surface and
forms a jet away from the plate. All the plates used had a thickness of L
= 12 mm. The scale bar in the ﬁrst frame of each sequence corresponds
to a length of 2 mm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
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List of Symbols
d Diameter of the `primary jet' through a holed plate.
Dm Mass diﬀusivity coeﬃcient (m
2/s).
Dt Thermal diﬀusivity coeﬃcient (m
2/s).
H Distance between the bubble center and the nearest face of the plate.
H ′ Non-dimensionalized bubble center to plate distance given as H ′ = H/Rm.
H ′crit Minimum H
′ value at which the bubble fails to
form a jet and oscillates spherically.
H ′lim Minimum H
′ value at which the pumping fails.
L Plate Thickness.
Lm Length scale for mass transfer by diﬀusion given as Lm ∼
√
Dmtt.
Lth Thermal penetration depth given as Lth ∼
√
Dttt.
p∞ Pressure in the ﬂuid surrounding the bubble (Pa).





pg Gas pressure inside the bubble.
ps Pressure term associated with surface tension given as ps =
2σ
R .
p(t) External pressure applied far away from the bubble.
pv Vapor pressure inside the bubble.
R Radius of the bubble.
R0 Equilibrium bubble radius when the pressure inside the
bubble is equal to the surrounding pressure.
Rh Radius of the hole in the holed plate.
Rm Maximum radius of the bubble.




Rec Critical Reynolds number Repop at which the jet-tip velocity is same
as the velocity of the opposite rebounding bubble wall.
Repop Reynolds number as deﬁned in [3] given as
√
p∞ρR0µ . Repop = Re/α.
tt Time scale of bubble lifetime (s).








α Ratio of maximum bubble radius to the equilibrium bubble radius Rm/R0
β Same as H ′.
γ Polytropic gas exponent (γ = 1.4 or 1.25).
µ Dynamic viscosity of the ﬂuid (Pas).
ν Kinematic viscosity of the ﬂuid (m2/s).
ρ Density of the ﬂuid used (kg/m3).
σ Surface tension of the ﬂuid (N/m).
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The work presented in this thesis describes an experimental study of the dynamics of a
non-equilibrium bubble that collapses with a jet which leads to ﬂuid pumping, and the
formation of jets and sprays under diﬀerent conditions. To better appreciate the scope
and contributions of the present study to the ﬁeld of bubble dynamics, it is helpful to
review previous research in this ﬁeld. The study of bubbles has a history of more than
100 years. Many applications of bubble dynamics have been invented and studied. In
Section 1.1, the evolution of the study of bubbles is reviewed. The motivation that has
prompted research eﬀorts in this ﬁeld is discussed. The section also describes the diverse
applications of bubbles in engineering and medicine (including emerging applications).
To be able to use the bubbles eﬀectively in speciﬁc applications, an understanding of the
bubble dynamics is essential. The simplest approach has been to study the dynamics of
a single bubble. In Section 1.2, the dynamics of a single bubble is described in detail, and
the diﬀerent types of bubbles are introduced. This section also introduces the terminol-
ogy associated with bubble dynamics. The key aspects of non-equilibrium (oscillating)
bubbles - both spherically oscillating and aspherical bubbles, are next presented which
sets the stage for the study described in this thesis. Chapter 1 concludes with a sum-
mary of the scope and contributions of the thesis to the ﬁeld of bubble dynamics, and
an overview of the organization of this thesis.
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1.1 Evolution of research on cavitation bubbles
1.1.1 Historical background
In the late 19th century when marine technology had begun to grow, it was observed
that ship propellers were frequently damaged due to the formation of cavitation bubbles
with characteristic pits formed on the propellers. An example of cavitation damage to a
mixed ﬂow pump is shown in Figure 1.1 [1].
Figure 1.1: Photograph of typical cavitation damage on the blade of a mixed-ﬂow pump.
Figure taken from [1] with permission of the author. c©Oxford University Press.
The motion of the propeller produces cavitation and this leads to erosion of the propeller
material, underwater noise, and reduction of the thrust provided by the propeller. The
ﬁrst attempts to study cavitation bubbles were thus driven by the desire to understand
the destructive mechanism of such bubbles to prevent these occurences. Cavitation near
turbomachinery such as propellers typically occurs with the formation and collapse of
multiple bubbles. However, in order to understand the mechanism involved, the study
of the dynamics of a single bubble was initiated and a great number of current studies
still focus on single bubble dynamics. It is now established that bubble collapse leads to
the emission of shock-waves, and in certain cases, the formation of a high-speed jet, for
example when it collapses near a rigid boundary. Both phenomena have been proposed
as the mechanisms of cavitation damage by diﬀerent researchers [4, 5, 6, 7, 8, 9, 10]. A




Lord Rayleigh [11] was the ﬁrst to propose a model for the oscillations of a spherical
bubble in an inﬁnite ﬂuid medium. Subsequently, further reﬁnement of the model to
include terms of viscosity and surface tension eﬀects was proposed [12]. It was also
recognized that a bubble can be trapped within a periodic pressure ﬁeld and forced to
oscillate without being destroyed [13, 14, 15]. This enables a study of the bubble over
a longer time period and such bubble oscillations have been widely researched. For in-
stance, the bubble has been studied as an example of a non-linear oscillator [16] and
bubble oscillations form a good case scenario to study the onset of chaos [17]. The de-
velopment of computers and numerical methods such as the boundary element method
further fostered research which utilized numerical simulations to study the bubble dy-
namics - both of spherical bubbles and also those near rigid boundaries because of their
importance to cavitation damage. The role of the bubble in the destruction of ships in
underwater explosions has also prompted research eﬀorts in this ﬁeld including many
simulation studies.
On the experimental side, the development of high speed photography played a crucial
role in the growth of the ﬁeld and an understanding of the behavior of the bubble. Many
new phenomena were discovered with the use of high-speed imaging, such as a counterjet
under certain conditions of bubble collapse near a boundary [18, 19], and a rich array of
bubble-boundary interactions [9] depending on the distance between the bubble and the
rigid boundary.
1.1.2 Applications of bubbles
The bubble and its behavior under diﬀerent conditions has been utilized and studied for
more useful applications such as in ultrasonic cleaning, shock-wave lithotripsy for the
destruction of kidney stones, in sonoporation within cells, as ultrasound contrast agents
in medical diagnosis etc. which are described now in brief. Other applications which
are speciﬁc to ﬂow actuation are described in Chapter 2 as a background to the work
presented in the present thesis.
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Ultrasonic cleaning is widely used in cleaning of delicate parts like jewellery, optical
lenses, electronic components and so forth. In a typical ultrasonic cleaner, a stainless
steel bath ﬁtted with an ultrasonic transducer at its bottom is ﬁlled with water or
another solvent and subject to ultrasonic frequencies of 20 kHz or higher. This creates
pressure waves with alternating compressive and tensile portions within the bath. During
the tensile (negative) pressure period, multiple bubbles are nucleated and they expand
and then collapse during the compressive pressure cycle. The collapse of the cavitation
bubbles adjacent to a surface induces a shearing ﬂow that removes the dirt particles on
the surface without damaging it. The mechanism by which the bubbles may possibly
clean the surface was demonstrated in a study by Ohl et al. [20]. The frequency of the
driving signal and the solvent used have an inﬂuence on the bubble size (of the order of
micrometers) and hence the eﬀectiveness of cleaning.
Bubbles are also found in many medical applications. The useful eﬀects of bubbles in
medicine range from enhancing the reﬂected signal in ultrasonic imaging to bubble col-
lapse at high pressures which can be potentially used for drug-delivery applications [21].
Ultrasonic imaging techniques such as an electrocardiogram or an ultrasound scan de-
pend on the strength of the reﬂected signal which is received as an echo. Bubbles enhance
the ultrasound signal that is received. For this purpose, encapsulated microbubbles are
used which comprise of a gas pocket coated with a bio-compatible material such as pro-
tein or lipid so that it remains stable within the blood stream without dissolution. In
recent years, the use of such microbubbles is being extended to applications such as
drug delivery. Here the bubble is coated with useful drugs, and is subjected to a strong
pressure ﬁeld which leads to bubble collapse and the delivery of the drug. Alternatively,
the bubble is forced to oscillate in an acoustic ﬁeld that leads to acoustic streaming, and
enhances the uptake of drugs in the surrounding tissue.
Bubbles are also believed to play a key role in the eﬀectiveness of the shock-wave
lithotripsy treatment for the destruction of kidney stones. It is believed that the in-
teraction of a lithotripter shock-wave with gas or stabilized bubbles on the surface of
kidney stones or in the surrounding tissue leads to the growth and collapse of such cavi-
ties. The high-speed jets and the pressures produced during the collapse are believed to
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cause the breakage of the kidney stones [22]. In ultrasound assisted lipoplasty (UAL) for
minimally invasive removal of fat from the body, an ultrasound probe is placed through
an incision into the skin and resonated at high frequencies. Cavitation bubbles are be-
lieved to be responsible for the emulsiﬁcation of the fat cells [23]. Bubbles in these
applications are of size around ten to hundred micrometers.
The applications and study of the cavitation bubbles is becoming more diverse with
some novel applications including use of bubbles to create sonoluminescence inside micro-
channels [24] and the study of the properties of carbon nano-tubes by manipulating them
using the jetting ﬂow induced by bubbles [25]. The range of bubbles that have been used
in various applications spans 4-5 orders of magnitude in size. The development of high-
speed cameras and improved precision to create, control and manipulate bubbles has
opened up possibilities for experimental research that were not possible earlier. The
fundamental entity is a single cavitation bubble and an understanding of its dynamics is
important for its utilization in many applications. With this background, we now give
further details on the dynamics of a single cavitation bubble in the next section. The
terminology used to describe a cavitation bubble and the diﬀerences between diﬀerent
types of bubbles are also explained.
1.2 Bubble dynamics - bubble types, technical terminology
and associated phenomena
Bubbles are very commonly found in carbonated drinks or beverages such as champagne.
They can also form through the impact of raindrops on a pool of stationary water. These
bubbles are generally ﬁlled with gas and are mostly stable. However, a cavity can also
form in a liquid by subjecting the liquid to tension or negative pressure which causes the
pressure to fall below the vapor pressure of the liquid. The process of formation of voids
in this manner is termed as cavitation [1]. The typical stages in the evolution of a single
cavitation bubble are nucleation, growth, oscillation and collapse.
The creation of the cavitation bubble is termed as nucleation. Cavitation formed due to
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the lowering of pressure in a liquid can be classiﬁed into two types - hydrodynamic cavi-
tation and acoustic cavitation. Hydrodynamic cavitation refers to the formation of voids
within the liquid when the velocity of the ﬂow becomes very large with a consequent
decrease in pressure (according to Bernoulli's law) to a value below the vapor pressure
of the liquid. This type of cavitation is commonly observed in turbomachinery. Acoustic
cavitation occurs when the pressure within a liquid is reduced by subjecting it to a sound
ﬁeld which comprises of alternating tensile and compressive pressure cycles. During the
tensile (negative pressure) period of the pressure-wave, cavitation could occur. Addi-
tionally, a bubble can also be nucleated by subjecting the liquid to a high-energy source
conﬁned to a small area within the liquid such as by using a laser (optical cavitation)
or an electric spark which vaporizes or breaks down the liquid locally and leads to the
formation of a bubble at that location.
Two diﬀerent mechanisms for the formation of a cavitation bubble have been identiﬁed,
namely homogeneous and heterogeneous cavitation. In homogeneous cavitation, the cav-
itation bubble is formed by a `tearing' apart of the liquid due to the lowering of pressure.
The typical pressure required for homogeneous nucleation in water is -1.4 × 108 Pa,
which is a very high negative pressure. Usually however, nucleation occurs at much
lower pressures due to weaknesses present within the liquid. When nucleation occurs at
weaknesses such as at the boundary between a liquid and its container, by the expansion
of a gas bubble already present in the liquid, or by the expansion of gas trapped on the
surface of particles suspended within the liquid, it is known as heterogeneous cavitation.
A cavitation bubble formed by hydrodynamic or acoustic cavitation is initially empty
(with only vapor) and can collapse violently leading to destructive eﬀects. When it is
formed using a laser or electric discharge, the bubble formed can include both vapor
and gas. The pressure within the bubble interior pi, therefore comprises of the sum
of the vapor pressure, pv and the gas pressure, pg. The vapor present in the bubble
contributes to pv, which is a function of the temperature and the properties of the liquid
used. In addition, the bubble can contain gas such as from the burning of electrodes in
an electrical discharge [26, 27]. In most studies, the gas is assumed to be adiabatic with
a polytropic exponent of γ = 1.40 or 1.25, when the timescales are small. When the
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pressure inside the bubble pi is equal to the surrounding pressure po, the radius of the
bubble corresponding to that pressure is known as the equilibrium bubble radius R0.
A bubble with an internal pressure diﬀerent from its surroundings is known as a non-
equilibrium bubble. Typically, when a bubble is created in a liquid by a focused high-
energy source such as a laser, it begins to expand rapidly and due to inertia it can
sometimes expand to a maximum radius Rm which is greater than the equilibrium radius
R0. Subsequently, the pressure inside the bubble becomes lower than its surroundings
and the bubble therefore begins to shrink. If the pressure surrounding the bubble is
uniform, the bubble shrinks spherically and may reach a radius lower than R0. This
results in a higher pressure inside the bubble now as compared to its surroundings. The
bubble therefore expands again. This oscillation cycle of spherical expansion and collapse
can continue forever if there was no energy dissipated due to viscous damping and other
forces. In reality, the bubble oscillations get damped due to energy dissipation till it
stabilizes at the equilibrium radius R0. This oscillation of the bubble can also be induced
by driving the bubble with an external periodic pressure pulse. At moderate pressure
amplitudes either in terms of the driving pressure or the pressure diﬀerence (|pi − p0|),
the bubble contraction and expansion cycles are symmetric and this type of cavitation
is called stable or non-inertial cavitation. When the driving pressure amplitude is high,
however, the bubble has a slower expansion cycle and a faster collapse. The bubble can
collapse violently in such cases. Such a cavitation activity is termed inertial cavitation.
Again, in the presence of a non-uniform pressure ﬁeld surrounding the bubble, such as due
to the presence of a free surface or a rigid boundary in its proximity, the non-equilibrium
bubble collapses aspherically leading to a jet induced in the bubble.
Another type of bubble which has been widely studied is the underwater explosion bubble
[28, 29]. When a torpedo explodes below a ship for example, the mechanism by which
it destroys the ship greatly relies on the bubble created by the explosion. A rapidly
expanding bubble with a maximum radius Rm of the order of 10 meters is created in
such explosions. A shock wave may be emitted at the time of the formation of the bubble.
Again as the bubble shrinks to a minimum size, it emits a second shock wave which has
great destructive power when it reaches the ship. At the same time as the emission of
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the shock wave (i.e., the bubble collapse), a high-speed jet also forms directed towards
the ship. This jet leads to the ﬁnal destruction of the ship. The diﬀerence between an
underwater explosion bubble and a cavitation bubble is mainly in terms of the length
scales involved. Due to the larger size of the underwater explosion bubble, the eﬀects of
gravity become important in such bubbles.
Apart from the cavitation bubble as described above, there is another kind of bubble
known as an encapsulated bubble or encapsulated microbubble which is used in biomedical
research and applications. A microbubble is a bubble which is in the size range of 1 to
10 µm. Bubbles of this size are used in ultrasound imaging for diagnostics because
they oscillate when an ultrasound signal is applied, thus enhancing the reﬂected signal,
and have a characteristic response which can be detected. Under normal circumstances,
a bubble of this size can dissolve quickly. To prevent this from happening, the gas
is `encapsulated' in a thin shell layer made of lipids, protein or polymer [21] and the
resultant bubble is called an `encapsulated microbubble'. A special type of microbubbles
are magnetic bubbles where ferromagnetic nanoparticles are used as the shelled layer
[30]. Magnetic bubbles display some unique characteristics such as the ability to be
manipulated by ordinary magnets and can also be subjected to oscillatory behavior
(non-inertial cavitation) by applying either a magnetic or an acoustic ﬁeld. Another
commonly encountered example of an encapsulated bubble is that of a soap bubble
which comprises of a two layers of soap surrounding a layer of water as the shell, and
with gas inside.
The diﬀerent types of bubbles described above and the stages in the dynamics of a
cavitation bubble, along with the terms associated with them have been introduced.
The non-equilibrium bubbles are described in the next section in greater detail.
1.3 Non-equilibrium spherically oscillating bubble
A bubble with an internal pressure which is diﬀerent from the surrounding pressure
will undergo oscillations. When the surrounding pressure is uniform, the bubble will
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oscillate spherically. If the pressure diﬀerence between the interior and the surroundings
is very large, the bubble collapses violently (as in inertial cavitation), resulting in high
temperatures and pressures in the interior of the bubble and the emission of shock-waves.
As described in Section 1.2, the bubble can also be forced to oscillate under an external
periodically varying pressure ﬁeld and such a bubble is known as an acoustically driven
bubble.
Perhaps the ﬁrst model to analytically describe a spherically oscillating bubble was
presented by Lord Rayleigh [11]. The model underwent modiﬁcations with the addition
of terms to include viscous damping, surface tension forces [12] and the resultant model,



























The terms on the left hand side show the diﬀerence between the internal pressure in the
bubble and the surrounding pressure. Here pv is the vapor pressure of the liquid, p∞ is
the pressure in the surrounding liquid far away from the bubble, ρ is the density of the
ﬂuid, Rin is the initial radius of the bubble, and pg,0 is the initial gas pressure inside
the bubble. The viscous damping term is given by 4(ν/R)(dR/dt) and it is inversely
proportional to the bubble radius R, and depends on the bubble wall velocity dR/dt.
The surface tension term is given by 2σ/(ρR). p(t) is an external pressure applied far
away from the bubble and could be periodic such as in an ultrasound signal.
Many other models have been developed, for example the Gilmore model [31] and the
Keller-Miksis model [32]. Both models take into account the eﬀect of liquid compress-
ibility and the eﬀect of sound radiating from the bubble with additional complexities.
As described by Lauterborn and Kurz [16], these three models give an "...astonishingly
precise description of most experiments on spherical bubble oscillations".
Apart from a spherically oscillating bubble, when a non-equilibrium bubble is surrounded
by a non-uniform pressure ﬁeld, the bubble collapses aspherically with a high-speed jet
induced in the bubble during collapse. This jet is believed to be one of the causes for
cavitation damage. In the work presented in this thesis, we focus on the dynamics of such
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non-equilibrium bubbles collapsing with a jet. It will be shown later in the thesis how
this jet can lead to pumping through a perforated boundary and also play a role in the
formation of sprays and impinging jets. The literature on such aspherically collapsing
non-equilibrium bubbles is reviewed in the next Chapter in the context of the literature
relevant to pumping, and jets and sprays which forms the scope of this thesis.
1.4 Scope and contributions of the thesis
The thesis deals with a detailed study of the dynamics of an aspherically collapsing
non-equilibrium bubble leading to ﬂow through a perforated boundary under diﬀerent
conditions. The research problems studied involve the dynamics of a bubble used to
induce pumping in viscous ﬂuids, and the development of a novel approach where a
bubble can be used to create jets and sprays on demand through the formation of two
impinging jets driven by the bubble's expansion and collapse. The exact physics behind
the new method are also researched by replicating the experiments at a larger length
scale. In this thesis the following speciﬁc contributions are made
• The principle of the collapsing bubble-induced pump which can be used to pump
ﬂuids from one side of a perforated boundary to another is demonstrated to work
when viscous ﬂuids are used. (Chapter 3)
• The eﬀect of the viscosity of the ﬂuid on the bubble-induced pump has been studied
both qualitatively and quantiﬁed in terms of the change in volumetric ﬂux and the
eﬀect it has on the distance at which pumping fails. (Chapter 3)
• The characteristics of a free-ﬁeld spherically oscillating bubble in a viscous ﬂuid has
been studied by means of high-speed photography while the few previous studies
have used indirect means such as photodiode signal detection [33, 34] to determine
the variation of the bubble oscillations with time. (Chapter 3)
• The eﬀect of other parameters that can inﬂuence pumping in viscous ﬂuids is also
demonstrated and systematically studied. (Chapter 3)
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• A new method to create two impinging jets is demonstrated where the two jets are
driven respectively by the expansion and collapse of an oscillating non-equilibrium
bubble. The method provides a means to create high-speed jets and sprays on
demand, and impinging jets. The approach has been used to create such jets at a
much smaller length scale (micrometer) than previous studies [35, 36, 37]. (Chapter
4)
• The bubble induced sprays and jets are replicated at the millimeter length scale
establishing the eﬃcacy of the method to create impinging jets. The mechanism
behind the formation of such jets is also demonstrated using photographic evidence
from high-speed video images. (Chapter 5)
• The parameters that can inﬂuence the formation of the impinging jets due to
bubble expansion and collapse near a holed plate have been systematically studied.
(Chapter 5)
It is hoped that the work presented in this thesis will open up future research into the use
of high-speed jets at the micrometer length scale and in the design of microﬂuidic devices
particularly in mixing and ﬂow actuation which is not easy in microﬂuidic systems.
1.5 Organization of the thesis
The thesis is organized as follows. In Chapter 1, an overview of the studies on cavita-
tion bubbles is presented along with the diverse applications of bubbles. The associated
terminology and types of bubbles that have been studied in the literature are also intro-
duced for the beneﬁt of a reader new to the ﬁeld. Details on the phenomena associated
with single bubbles and non-equilibrium bubbles are also described. In Chapter 2, we
focus on the literature speciﬁc to the research work presented in this thesis namely on
the use of non-equilibrium bubbles for the pumping of viscous ﬂuids, and creating jets
and sprays when they collapse near a boundary. First, the studies on non-equilibrium
bubbles in a non-uniform ﬂow ﬁeld which lead to bubble jetting are reviewed. The ap-
plication of bubbles to ﬂow actuation and a review of related research in viscous ﬂuids
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are also described. Previous studies on jets and sprays and their importance in diﬀerent
applications are reviewed along with characteristics of jet break-up and impinging jets.
In Chapters 3, 4 and 5, the research undertaken for this thesis is presented. Chapter
3 describes ﬁrst the motivation behind the study of a collapsing bubble induced pump
in viscous ﬂuids. Next, the experimental set-up and approach adopted to undertake
the study are presented. The results are presented in the form of diﬀerent case studies
which illustrate the eﬀect of viscosity and the variation of diﬀerent parameters on the
pumping. This is further quantiﬁed in terms of volumetric ﬂux and the variation of the
distance at which pumping fails as a function of viscosity. In Chapter 4, the phenomenon
of the formation of impinging jets at the micrometer length scale which is driven by a
bubble is presented. The experimental approach adopted is described, and the photo-
graphic evidence for the novel phenomenon is presented. The sequence of events leading
to the jets is also hypothesized based on the experimental observations. Chapter 5 gives
further insight into the phenomenon described in Chapter 4 by replicating the bubble
induced impinging jets at the millimeter length scale. The slower dynamics and the
larger length scale allowed us to understand the physics behind the jets in greater detail
using high-speed photography. A parametric study was also conducted and the results
are described. Finally in Chapter 6, the key ﬁndings and contributions made in this
thesis are summarized and recommendations for future work are made.
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Literature review on bubbles with
respect to jets and sprays
In this Chapter, a review of the literature relevant to the pumping of ﬂuids and the
formation of jets and sprays is presented. A study of the dynamics of non-equilibrium
bubbles in relation to these phenomena constitutes the main research work undertaken in
this thesis. A non-equilibrium bubble situated near a rigid boundary forms a jet directed
towards the boundary upon collapse. This principle is the basis on which a pumping
ﬂow or a spray and jet is created through a holed plate using a bubble. A bubble can be
created in the neighbourhood of a plate with a hole. As the bubble collapses, it forms a
jet through the hole leading to pumping through the hole under certain conditions and
under diﬀerent conditions it leads to the formation of sprays and jets through the holed
plate. In Section 2.1, an overview of the studies on the jetting phenomenon in bubbles
is presented with a focus on bubbles near rigid boundaries. A review of the previous
studies on bubbles in viscous ﬂuids as well as the application to pumping using bubbles
is also presented. In Section 2.2, the diﬀerent approaches that have been used in the
formation of droplets and jets and their applications are ﬁrst reviewed. The use of a
cavitation bubble near a perforated boundary for the formation of such jets presents a
novel approach to create such jets and sprays. Subsequently, an overview of the studies
on impacting jets and the resultant formation of liquid sheets and sprays is given. A
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review of the literature on the break-up characteristics of the jet is also presented.
2.1 Jetting in oscillating bubbles
Unlike the case for spherically oscillating bubbles described in Section 1.3, jetting in
oscillating bubbles occurs when there is a non-uniform ﬂow ﬁeld developed around a
bubble. This can be caused by the presence of a free surface or a solid boundary in the
vicinity of the bubble, or a sudden pressure change across the bubble surface such as
that caused by an impinging planar shock wave. The direction of the jet due to each of
these asymmetries is shown in Fig. 2.1.
In the presence of a free surface, the jet is formed in the direction away from the free
surface. When the bubble is near a rigid boundary, it forms a jet directed towards the
boundary. In the case of a shock-wave impingement on a bubble, the bubble jets in the
direction of the shock-wave propagation. The research in the literature studying each of
these non-uniform ﬂow ﬁelds is now reviewed.
2.1.1 Bubbles near a free surface and subject to a shock-wave
In the presence of a free surface, it was ﬁrst shown experimentally [38, 39] that the
collapsing bubble forms a jet directed away from the free surface. Subsequently, a number
of numerical studies primarily using the boundary-integral method [40, 41, 42, 43] have
also been conducted to simulate a bubble near a free surface. Diﬀerent parameters aﬀect
the jet such as the buoyancy of the bubble in the ﬂuid, the distance of the bubble from
the free surface, and so on. Wang et al. [43] particularly show the role of the two
opposing forces namely the buoyancy force and the Bjerknes force in determining the
direction of the jet formation. The studies have shown diﬀerent non-linear interactions
that are observed such as the formation of a spike on the free surface in the direction
opposite to the jet motion, and the migration of the bubble towards the free surface in
the presence of buoyancy forces.
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Figure 2.1: The diﬀerences in the jet caused in an oscillating bubble in the presence of
a) Free surface. b) Rigid boundary. c) A planar shock wave. In c), the direction of
shock-propagation is indicated by the arrow.
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In case of shock-wave bubble interactions, a jet always forms in the direction of the
shock wave propagation and this jet is found to have typically higher velocities than the
jet formed in a bubble in the presence of a rigid boundary. Studies on the dynamics of
bubble shock-wave interaction have been motivated by their application in medicine such
as in shock wave lithotripsy for kidney stone removal [44, 45]. Sankin et al. [46] showed
that the jet characteristics depend on the phase of the bubble growth and collapse at the
instant the shockwave interacts with the oscillating bubble. A numerical simulation of the
same problem was carried out by Klaseboer et al. [47] which showed good agreement with
the experimental results. Most studies on bubble shock-wave interaction have, however,
focused on initially stationary bubbles. Some typical studies are on spherical shock-waves
[48], shock-wave interaction with a cylindrical cavity [49], and jetting in bubbles of a few
micrometers in diameter [50]. Amongst numerical simulations, diﬀerent methods have
been used to simulate this phenomenon including the Free Lagrange Method [51, 52],
the Arbitrary Lagrangian Eulerian method [53], and the Boundary integral method [54].
2.1.2 Bubbles near rigid boundaries
A majority of the studies on jetting bubbles have focused on bubbles near rigid bound-
aries due to their importance in studying cavitation damage. Two main mechanisms
of cavitation damage have been proposed : damage due to the high-speed jet which is
formed directed towards the boundary [4, 5, 6, 7], and damage due to the high pressures
and temperatures produced during the bubble collapse close to the boundary [8, 9, 10].
The dynamics of the bubble interaction with a rigid boundary (including its damage
capability) depends to a great extent on the bubble center to boundary distance.
Owing to the short time scales involved in the bubble collapse near a rigid boundary,
it is diﬃcult to observe all the phenomena taking place experimentally and make mea-
surements. A number of numerical techniques have therefore been developed primarily
using the boundary element method based on potential theory [7, 55, 56, 57] to examine
the phenomena. The boundary element method makes the assumption of inviscid, in-
compressible ﬂow and thus is limited in applicability when viscosity is important. Apart
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from its importance to cavitation damage, the interactions between the bubble and a
rigid boundary have also been studied for other constructive applications such as the
bubble pump [27, 58], bubbles near bio-materials [59] and sonoporation in cells using the
jetting bubble [60].
2.1.3 Application of bubbles to ﬂow actuation
Applications of bubbles in the mixing of ﬂuids and pumping have been used in diﬀerent
ways in microﬂuidic devices primarily because of the distinct advantage of no mechanical
moving parts involved. A bubble created by heating the ﬂuid in a nozzle-diﬀuser ﬂow
controller pushes liquid from the nozzle end to the diﬀuser end in both its expansion
and collapse cycles and was designed and characterized by Tsai and Lin [61]. Yin and
Prosperetti used the thermal bubble to actuate ﬂow by positioning the bubble location
closer to one end of a micro-channel than the other and applied the idea to electrically
conducting ﬂuids [62] and for other liquids by using a heater array attached to the device
[63]. Bubbles have also been used as valve controllers [64] where a vapor bubble closes
the channel opening upon inﬂation and allows ﬂow when it deﬂates. Other applications
include use of heated liquid (upon phase-change) to actuate mechanical ﬂaps to control
ﬂow [65], and the use of bubbles to trap bioparticles by ﬁrst applying a back-pressure
to trap a particle in a `capturing' well and next using an expanding bubble to release
the trapped particle [66]. However, the mechanisms for ﬂow actuation used in these
applications do not make use of the jet formed in a non-equilibrium collapsing bubble.
The use of such a jet formed in a bubble collapse near a rigid boundary to pump ﬂuid
was ﬁrst demonstrated through numerical simulations by Khoo et al. [58] and through
experiments by Lew et al. [27]. Dijkink and Ohl [67] have further characterized the
pumping using a collapsing and jetting bubble at the micrometer scale.
2.1.4 Bubbles in viscous ﬂuids
Studies on bubbles in viscous ﬂuids can be classiﬁed as those on bubbles in an inﬁnite
ﬂuid medium [33, 34] and those involving bubbles near rigid boundaries [3, 68]. For
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bubbles of a few micrometers diameter in a free ﬁeld, Jomni and Dénat [33] showed
that an increase in viscosity leads to an increase in the collapse time of the bubble as
compared to its expansion time. An increase in viscosity leads to an increase in the
number of oscillations for free-ﬁeld bubbles as shown experimentally by McCarn et al.
[34]. Both studies [33, 34], however, used indirect means using photodiode signals to
measure the bubble characteristics (size, oscillation time etc.). For bubbles near rigid
boundaries that collapse with a high-speed jet, Popinet and Zaleski [3] have shown using
numerical simulations that an increase in viscosity leads to a decrease in the jet impact
velocity due to rebound of the opposite bubble wall before jet impact, and at high
viscosities no impact occurs. A simulation study by Minsier et al. [68] shows that the
jet velocity is also lower in viscous ﬂuids compared to that in water.
In summary, in the context of collapsing bubble induced pumping, the dynamics of
bubbles in the vicinity of a rigid boundary are of relevance. An important result from
the previous studies is the key role that the non-dimensional bubble center to boundary
distance plays in the bubble dynamics. While numerical techniques have been widely
used for simulation of such bubble-rigid boundary interactions, most of them use the
boundary element method which assumes the ﬂuid to be inviscid. In viscous ﬂuids, few
experimental studies have been done to study the bubble dynamics either in free-ﬁeld or
near rigid boundaries. This provides the motivation to study the dynamics of a jetting
bubble in viscous ﬂuids here with a focus on collapsing bubble induced pumping using
the jet.
2.2 Sprays and Jets in relation to bubbles
The jets induced by bubbles which were described in the earlier sections were formed
in the same ﬂuid medium as the bubble. Apart from this, there have also been studies
where jets of one ﬂuid into another have been studied in the literature. For example, jets
of ﬂuid issuing through a nozzle into a gas or another liquid have a variety of applications
such as in inkjet printing, manufacturing and pharmaceutical processes. The jets of one
ﬂuid into another tend to break-up into droplets or sprays and the physical mechanisms
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leading to the onset of jet break-up at a liquid air interface have been studied by Lin and
Reitz [69]. A broader review of the mechanisms leading to jet break-up in diﬀerent typical
situations and the diﬀerent approaches used to study the mechanisms, were presented
by Eggers and Villermaux [70]. Understanding the mechanism behind the formation
of diﬀerent kinds of break-up structures such as sprays, droplets etc. are useful in the
design of equipment for speciﬁc applications. We review next some of the applications
in which jets and droplets of a few micrometers in size are used and the approaches to
create them. The review provides a background for understanding the method that was
developed in this thesis and the results presented in Chapters 4 and 5 on the formation
of jets and sprays using a collapsing bubble.
2.2.1 Approaches to create droplets and jets
Droplets and jets of diameter of the order of micrometers are used in many diﬀerent appli-
cations such as in inkjet printing technology [71] for printing on paper and in bioprinting
for tissue engineering, in the manufacture of polymer nanoﬁbers by the electrospinning
process [72], encapsulation of the droplets of one liquid within another [73], in imping-
ing jets for cooling of solid plates involving high heat ﬂuxes [74], and liquid jet based
needle-free injectors [75]. These applications cover both relatively low speed jets [72, 73]
as well as high-speed jets [74, 75] and therefore diﬀerent approaches have been used to
create the jets and droplets.
In inkjet printing, two diﬀerent technologies are commonly used. In continuous inkjet
printing, a forced break-up is induced in a continuous jet of ink by the Rayleigh-Plateau
instability. In drop-on-demand inkjet printing, a drop is forced out of a oriﬁce in the
chamber containing ink by any of the following means - a) using an expanding thermal
bubble within the chamber to push a droplet out, or b) by a piezoelectric crystal which
changes shape upon applying a voltage and thus forces ink out of the chamber, and c)
by applying a pressure on the chamber to push ink through the oriﬁce. In bioprinting,
the ink is replaced by cells in solution [76]. In the bioprinting approach, the ability of
the inkjet technology to position drops precisely is utilized for getting precise control in
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replicating biological structures in tissue engineering using cells. For the electrospinning
and encapsulation processes, a thin jet is created from a droplet by applying a potential
diﬀerence between the droplet and a collector plate to form a Taylor cone and jet [77].
For impinging liquid jets for cooling or in liquid injectors a pressure diﬀerence is created
across the ends of the nozzle or syringe which leads to a high-speed jet.
Apart from the above approaches, a limited number of studies have been reported where
a bubble directly played a role in the formation of jets. Antkowiak et al. [78] reported on
the formation of a single jet that can be created on the free surface (air-water interface)
within a test tube upon sudden impact and deceleration of the free surface after the
surface has been initially deformed. The initial deformation of the surface was due to
either a meniscus, a bubble formed at the free surface, or a capillary wave. A laser has
also been used to create a cavitation bubble inside a liquid drop and the subsequent
collapse of the bubble leads to a ﬁne spray of liquid and very ﬁne jets of the order of a
few micrometers emerging from the drop [79].
2.2.2 Formation of sprays and liquid sheets
Research in the formation of sprays and atomization is particularly relevant for studies
on fuel atomization for better mixing and combustion. Accordingly, a lot of research
eﬀorts have gone into this area to investigate diﬀerent ways to atomize a liquid jet, and
also investigation of the spray characteristics -particularly the drop size distribution and
velocity. One approach to create a spray is to direct a liquid jet into ﬂowing air in cross-
ﬂow conﬁguraton. When the ﬂow is quiescent, the break-up is predominantly driven by
the liquid jet characteristics i.e. its inertia and the surface tension forces. When there
is air-ﬂow, the eﬀect of aerodynamic forces enhances the break-up of the single jet.
For the case of a round liquid jet in stagnant air, Lin and Reitz [69] have classiﬁed four
diﬀerent regimes of jet-breakup depending on the forces acting on the jet as shown in
Fig. 2.2 [69].
The four diﬀerent regimes are as follows - a) Rayleigh break-up regime, b) First wind-
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Figure 2.2: Diﬀerent regimes of the break up of a round liquid jet in stagnant air -
a) Rayleigh break-up. Drop diameters larger than the jet diameter. Break up occurs
many nozzle diameters downstream of nozzle. b) First wind-induced regime. Drops
with diameters of the order of the jet diameter. Break up occurs many nozzle diameters
downstream of the nozzle. c) Second wind-induced regime. Drop sizes smaller than the
jet diameter. Break up occurs some distance downstream of nozzle. d) Atomization
regime. Drop sizes much smaller than the jet diameter. Break up occurs at the nozzle
exit. Figure reprinted, with permission, from the Annual Review of Fluid Mechanics,
Volume 30 c©1998 by Annual Reviews www.annualreviews.org
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induced regime, c) Second wind-induced regime and d) Atomization regime. When the
jet velocity is low, long-wavelength disturbances are formed on the jet and lead to break-
up of the jet into drop sizes which are larger than the jet diameter (regimes a) and b)).
When the jet velocity is high, the wavelength of the disturbances is short and it breaks
up into much smaller drop sizes as compared to the jet diameter (regimes c) and d)).
A single jet injected into a region with air-ﬂow velocity has various applications in fuel
sprays for ramjet, turbojet engines and so forth and has been studied. The eﬀect of the
air ﬂow leads to diﬀerent break-up patterns and the formation of the sprays [80, 81].
However, usually a single jet into air is not adequate for creating a very ﬁne spray and
the use of impinging jets as an option has therefore been explored.
A commonly adopted approach to create sprays is by impingement of two liquid jets
onto each other. A head-on collision between two jets leads to an elliptical liquid sheet
with a rim of droplets in the plane bisecting the angle between the jets [35, 36, 37]. The
variation of the sheet characteristics as the jet velocity varies is summarized in Fig. 2.3
[2]. It can be observed that the sheet changes from a regular elliptical sheet to a spray
at the highest jet velocities.
Studies have also been reported on the thickness of the liquid sheet. The thickness of the
sheet at a point depends on both the distance from the collision point and its angular
position. A number of theoretical studies have also been conducted to predict the sheet
thickness - as a function of angular position [82], using a semi-empirical approach [83],
and using an initial developed velocity proﬁle of the jets [84]. In these studies, the
ambient air did not have any ﬂow velocity. Lee et al. [2] have also reported on impinging
jets in a ﬂowing air-stream and studied the eﬀect of varying the air-ﬂow velocity on the
spray structures.
The previous work in the literature on jets and sprays is summarized as follows. Jets and
their break-up into droplets at the micrometer length scale have applications in many
areas such as in inkjet printing and liquid jet injectors, and diﬀerent approaches have
been adopted to create such jets. A few studies have reported on the formation of jets
where a bubble played a role in creating such jets. The break-up of a liquid jet into
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Figure 2.3: The transition of spray patterns formed by impinging jets in a head-on
collision as the jet injection velocity increases. The jets impinge head-on forming a sheet
of liquid in the plane of the page. One jet is directed into the page, while the other is
directed out of the page at an angle (leading to an elliptical sheet shape). The patterns
are classiﬁed as a) Closed rim. b) Periodic drop. c) Open rim. d) Fully developed. Note
the change in the sheet character to a spray as the injection velocity is increased. Figure
reproduced with kind permission from Springer Science+Business Media ([2])
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a spray has also been widely studied primarily for its application in fuel atomization.
The break-up of the jet in ambient air, and as a result of impingement with another
jet has been studied. The impingement of two jets leads to an elliptical liquid sheet
in the plane bisecting the angle between the jets and the sheet breaks up into a spray
as the jet velocities increase. As will be shown later in this thesis (Chapters 4 and 5),
the impinging co-axial jets formed due to an expanding and collapsing bubble also show
similar phenomena, albeit at a much smaller length scale.
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Chapter 3
Collapsing bubble induced pumping
in viscous ﬂuids
3.1 Introduction
At the microscale, pumps without moving parts are advantageous because small moving
parts like valves are fragile and diﬃcult to fabricate. An example of such a pump is the
collapsing bubble induced pump. The working principle of this pump is illustrated in
Figure 3.1. It was ﬁrst demonstrated through a numerical simulation study by Khoo et
al. [58] and later through an experimental study by Lew et al. [27] using water as the
ﬂuid medium.
As shown in Figure 3.1, the design makes use of the high-speed jet resulting from a
bubble collapsing near a perforated wall to pump liquid from one side of the wall to
the other. Dijkink and Ohl [67] have further demonstrated the working of such a pump
design at the micrometer scale. These previous studies use water as the ﬂuid medium
for which the eﬀect of diﬀerent viscosity on the bubble dynamics was not studied.
In the context of collapsing bubble induced pumping, an increase in the ﬂuid viscosity
leads to the following eﬀects
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Figure 3.1: The principle behind the working of the collapsing bubble induced pump -
(a) Inception of the bubble near a rigid plate with hole. (b) Bubble expands to maximum
size (c) Bubble forms a jet towards the rigid boundary and (d) Jet leads to pumping
through hole.
1. An increase in the stability of the bubble oscillations which limits the formation of
a jet [3] that is important in the working of the pump, and
2. An increase in the viscous-pressure head that needs to be overcome to push the
liquid through the hole.
A question that then arises is  can viscous ﬂuids be successfully pumped using a col-
lapsing bubble?
In this Chapter, it is shown that viscous ﬂuids can indeed be pumped using a collapsing
bubble. The eﬀect of viscosity of the ﬂuid on the pumping characteristics is studied both
qualitatively and quantiﬁed in terms of a) the non-dimensionalized distance H ′ at which
pumping fails, and b) the volumetric ﬂux pumped by the bubble. The viscosity was
varied over the range of µ = 1 mPas to µ = 1100 mPas. High-speed photography is used
to directly visualize the bubble dynamics and get a better understanding of the physics
involved. The eﬀect of two other parameters  the radius of the hole in the wall and the
distance of the bubble-center from the wall on the pumping is also studied. Finally, the
eﬀect of change in viscosity on the characteristics of a bubble in a free-ﬁeld is presented
in terms of the number of bubble oscillations observed and the variation of the bubble
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radius with time.
The Chapter is organized as follows. In Section 3.2, the experimental set-up and pro-
cedure is described. Solutions of diﬀerent viscosity are obtained by using diﬀerent con-
centrations of glycerine in water. To study the pumping eﬀect, a low-voltage electrical
spark is used to create a bubble near a ﬁxed horizontal plate with a hole. The bubble
oscillates and collapses with a high speed jet towards the plate and pumps ﬂuid through
the hole. The bubble dynamics are recorded using a high speed camera. The eﬀect of
other parameters that can aﬀect pumping such as the distance of the bubble-center from
the plate and the radius of the hole in the plate, is also studied. In Section 3.3, the
experimental results that show the eﬀect of viscosity on bubble induced pumping are
presented. As the viscosity increases, the number of bubble oscillations increases even as
the bubble eventually collapses with a jet. At very high viscosities, jet formation is sup-
pressed and the bubble does not break up into smaller bubbles upon collapse. Pumping is
found to be most eﬀective below a limiting distance of the bubble-center from the plate,
which in turn depends on the viscosity. The estimated volumetric ﬂux due to pumping
through the hole also decreases with an increase in viscosity. Separately, the eﬀect of
viscosity on a free-ﬁeld bubble is also presented in terms of the increase in the number
of oscillations and the variation of bubble radius with time. Finally, in Section 3.4 the
concluding remarks on this study are presented with a focus on applications of the study
and possible future work. The main results of this study have also been published in
Sensors and Actuators A (vol. 169, pp 151-163, 2011) [26].
3.2 Experimental description
3.2.1 Experimental set-up and methods
The schematic of the experimental set-up is shown in Figure 3.2. It consists of a 180
mm × 190 mm × 200 mm glass tank which holds the viscous liquid. The tank was ﬁlled
with liquid to a height of 170 mm measured from the bottom of the tank. The electrical
circuit consists of a 1 kΩ resistor, a capacitor of 4700 µF, a two way switch, and a pair
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of thin copper wires (∼ 0.1 mm diameter) which are used as electrodes. The electrodes
are crossed and placed in contact with each other in the middle of the tank (immersed in
the liquid). The free surface and tank walls are located at least 10 times the maximum
bubble radius away from the bubble initiation point, such that there is no inﬂuence of
them on the bubble dynamics. To study the bubble pumping eﬀect, a plate with a hole
is aligned such that it is exactly below the crossing point of the wires (or bubble-center).
The plates used had dimensions of 80 mm × 70 mm with thickness L = 5 mm and
are made of transparent Perspex. The plate is secured with screws at its corners on
a customized stand made of four aluminium cylinders to keep the plate stable during
the course of the experiment. The bottom of the plate was ﬁxed at a height of 80 mm
measured from the bottom surface of the tank. A high speed camera operated at 15000
to 50000 frames per second (Photron Fastcam - APX Ultima Imager) was used to record
the bubble dynamics. A directed metal halide light source (MLDS250 - Iwasaki Electric
Co. Ltd) with a rating of 250 W output was used for illumination using a diﬀused back
lighting method.
The experimental procedure is as follows. The capacitor is ﬁrst charged to ∼ 55 V with
the resistor in the circuit and then short-circuited through the electrodes. A spark is
thus produced and a bubble comprising gaseous products from the sparking process and
liquid vapor is formed, which then oscillates in the ﬂuid. The bubble collapses with a jet
towards the plate and leads to pumping through the hole which is then recorded using
the high-speed camera. The images were calibrated using a ruler which is imaged at
the focal point of the camera. To account for the heating eﬀect from the light source,
the viscosity of the solution was measured both before and after the experiments. An
average value of the viscosity was taken as the representative viscosity. For the study of a
free-ﬁeld bubble, the plate and the aluminum stand are absent from the set-up described
above. The bubble is then created using the spark discharge. The bubble oscillates
spherically and its characteristics are recorded using the high-speed camera.
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Figure 3.2: Schematic of the experimental set-up. The bubble related dimensions are
indicated in the rectangular box on the top right. Here Rm is the maximum radius of
the bubble, Rh is the radius of the hole in the plate, H is the distance between the center
of the bubble and the top of the plate. In the analysis H is non-dimensionalized to H ′
which is given as H ′ = H/Rm. The thickness of the plate is denoted by L.
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3.2.2 Parametric study
The variation of pumping eﬀectiveness is systematically studied by varying three diﬀerent
parameters. The ﬁrst parameter varied is the viscosity. The experiments were conducted
at ﬁve diﬀerent viscosities namely µ = 70 mPas, 200 mPas, 390 mPas, 650 mPas, and
950 mPas, obtained by varying the concentration of glycerine in water by volume. In
addition, experiments were also conducted using water (µ = 1 mPas) as a reference
for comparison. The viscosity of the solution was measured using a rotating cylinder
viscometer (RION Viscotester VT-03F/VT-04F), before and after the experiment. The
viscosity variation was found to be minimal (∼ 5-10%) and therefore a value of the
viscosity averaged over the two measurements is taken as the representative viscosity.
The second parameter that is varied is the radius of the hole Rh in the plate. Three
diﬀerent plates with Rh of 0.75 mm, 1.5 mm and 2.5 mm respectively were used for
all viscosities. The third parameter varied is the distance H which is measured from
the top of the plate to the bubble center. In order to compare across bubbles with
diﬀerent maximum radius Rm, the distance H is non-dimensionalized with Rm. The
non-dimensional distance H ′ = H/Rm was varied from about 0.3 till the distance where
the pumping fails, which varies between H ′ = 1.2 to H ′ = 4.3 depending on the viscosity.
The maximum radius of the bubble Rm observed in our experiments was within the range
of 3.5 mm to 5.5 mm. The variation is due to the diﬀerence in voltage discharged by the
capacitor through the electrodes, which varied from about 4 to 7 volts. The higher the
voltage that was discharged, the larger the bubble size.
The criterion for failure of pumping is when no liquid is observed to go through the
hole as a consequence of the bubble collapse. In the event of successful pumping, the
bubble will push the liquid through the hole either by forming a jet or in the absence of a
jet, by its own translation towards and across the hole. The experimental approach has
some limitations which need to be accounted for. The repeatability of the experiments
is aﬀected by errors primarily due to experimental constraints such as ensuring that the
crossed wires are aligned exactly above the center of the hole. Other sources of error
include image resolution and variation of the viscosity over the course of the experiment,
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which are minimal. The bubble size obtained in the spark-discharge method also varies
over a range. Thus the exact size of the bubble that will be obtained cannot be predicted
apriori and a number of experiments may be needed to obtain similar bubble sizes. Non-
dimensionalization is another way to account for this limitation. Finally, in the analysis of
the obtained images, the volumetric ﬂux calculation requires approximating the integral
expression with a summation which introduces errors from the true ﬂux. The analysis
also requires carefully tracking the progress of a particular point (for example - jet-tip)
over time.
3.3 Results and discussion
3.3.1 Free-ﬁeld bubble in viscous ﬂuid
A bubble oscillating in a ﬂuid far away from any boundaries or free surfaces is known as
a free-ﬁeld bubble. In such a case, the bubble oscillates spherically and the oscillations
of the bubble decrease with time till it reaches the equilibrium radius R0 and stabilizes.
The oscillations are damped due to viscous forces. As the viscosity increases compared to
water, the bubble becomes stable and the number of oscillations of the bubble increases.
An example of a free-ﬁeld bubble recorded in the experiments is shown in Figure 3.3a.
The ﬂuid used has a viscosity of µ = 1100 mPas. A free-ﬁeld bubble in water is also
shown for comparison in Figure 3.3b. The stability of the bubble and the damping of
the oscillations at a high viscosity can be clearly observed through the images. Further
details of the bubble characteristics are described using Figure 3.4.
Figure 3.4 shows the non-dimensionalized plot of the variation of the bubble radius
(R/Rm) with time (t/tosc1) for a bubble oscillating in a free-ﬁeld in three diﬀerent ﬂuids
of viscosities µ = 1 mPas, µ = 450 mPas, and µ = 1100 mPas. The bubble radius
is non-dimensionalized with the maximum bubble radius Rm obtained during the ﬁrst
oscillation cycle. Time is non-dimensionalized with the time period tosc1 of the ﬁrst cycle.
For µ = 450 mPas, data for two diﬀerent bubbles which diﬀer in their maximum bubble
radius Rm are shown (450 mPas A and 450 mPas B). For all viscosities, the data points
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Figure 3.3: A free ﬁeld bubble oscillating in a) a ﬂuid of µ = 1100 mPas, and b) water (µ
= 1 mPas) is shown. The number at the bottom of each frame indicates the time(ms).
The scale bar shown corresponds to 2 mm. In case a), the maximum radius of the bubble
is attained during the ﬁrst oscillation cycle and is given as Rm = 5.05 mm at t = 1.12 ms.
Five oscillations of the bubble can be distinguished with the maximum sizes obtained at
t = 1.12, 2.52, 3.88, 4.96, and 6.12 ms and the minimum sizes at t = 2.12, 3.28, 4.44, 5.72
and 6.84 ms. By the end of the oscillation cycles, the bubble stabilizes at its equilibrium
radius. For case b) with water, the bubble is spherical only during the ﬁrst oscillation
cycle with a maximum size of Rm = 4.95 mm at t = 1.02 ms and a minimum size at t
= 1.70 ms. The subsequent frames show two oscillation cycles that can be distinguished
using the remnants of the bubble with maximum bubble sizes at t = 1.94 and 2.28 ms,
and a minimum bubble size at t = 2.00 ms.
are considered till the oscillations become damped, that is, the bubble stops moving.
In order to obtain more data points for each oscillation period, the frame rate of the
camera was increased to 50,000 frames per second for the free-ﬁeld experiments shown
here. The electrodes used were thicker (∼ 1 mm diameter) and the capacitance used
was higher (6700 µF) than that used for experiments near a holed plate. The maximum
bubble radii for the four diﬀerent curves are attained in the ﬁrst oscillation cycle and are
as follows - Water (Rm = 4.95 mm), 1100 mPas solution (Rm = 5.05 mm), 450 mPas
A (Rm = 5.52 mm) and 450 mPas B (Rm = 3.82 mm). The following observations are
drawn from the ﬁgure
1. In terms of expansion and collapse times for the ﬁrst cycle, a comparison of the
curve for µ = 1100 mPas and water (µ = 1 mPas) shows that the higher viscosity
ﬂuid has a larger collapse time with respect to the expansion time when compared
to the case of water. This slowing down of the bubble collapse as compared to its
expansion, due to an increase in the viscosity has also been reported in previous
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experiments involving smaller micrometer sized bubbles in viscous ﬂuids [33, 85].
2. The equilibrium bubble radius is ∼0.63 Rm for 1100 mPas solution while it is
around 0.5-0.55 Rm for the 450 mPas solutions.
3. The number of oscillations are higher for viscous ﬂuids than water. The increase
in the number of oscillations with an increase in the viscosity shows the stabilizing
eﬀect of viscosity on the bubble as also reported in a previous study [34]. In
case of water, the bubble disintegrates after the ﬁrst oscillation. The subsequent
oscillations are recorded from a remnant of the original bubble.
4. The vapor pressure of the bubble keeps decreasing over subsequent oscillations.
This is indicated by the ratio of the maximum bubble radius to the cycle time for
that oscillation cycle as well as a decrease in the average bubble size over time.
The eﬀect of viscosity on bubbles near a holed plate for collapsing bubble induced pump-
ing is presented next through diﬀerent case studies.
3.3.2 Case 1: Pumping using water as ﬂuid medium
Before we discuss the experiments on pumping in viscous ﬂuids, the results of pumping
using water are ﬁrst presented. This enables a better understanding of the eﬀect of
viscosity and is also useful for comparison. Figure 3.5 shows the collapsing bubble
induced pumping using water as the ﬂuid medium. Frame 1 shows the crossed electrode
wires at a non-dimensional distance ofH ′ = 1.4 from the holed plate. The bubble reaches
its maximum radius of Rm = 4.0 mm in Frame 2. Frame 3 shows the jet formation in
the bubble, and the bubble enters the hole in Frame 4. The bubble continues to move
through the hole and comes out of the other side by Frame 8. By this time, the bubble
has started disintegrating from the original spherical shape and by Frame 10, a number
of small bubbles can be seen as the only remnants. The key observation from this case for
water is the complete disintegration of the bubble into smaller bubbles by the end of the
pumping. As viscosity increases, the bubble becomes more stable as will be illustrated
in the cases presented next.
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1 mPas  water
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450 mPas B
Figure 3.4: Non-dimensionalized radius vs. time curves obtained experimentally for
solutions of viscosity µ = 1 mPas, µ = 450 mPas, and µ = 1100 mPas. For µ = 450
mPas, two curves corresponding to diﬀerent maximum bubble radii are shown. The
maximum bubble radii with the corresponding viscosity in parenthesis are - Rm = 4.95
mm (1 mPas), Rm = 5.05 mm (1100 mPas), Rm = 5.52 mm (450 mPas A), Rm = 3.82
mm (450 mPas B)
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Figure 3.5: Case 1: Bubble pumping in water. Frames 1 to 10 in sequence show bubble
shapes with H ′ = 1.4 and Rm = 4.1 mm near a plate with Rh = 2.5 mm in water with
viscosity µ = 1 mPas at times (in ms) 0.00, 0.89, 1.33, 1.78, 2.22, 2.67, 3.11, 3.57, 4.00
and 4.44. Frame 1 also shows the bubble related dimensions namely  radius of hole
Rh, bubble center to plate distance H and the plate thickness L = 5mm. The scale bar
shown in Frame 1 corresponds to 2 mm.
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3.3.3 Case 2: Pumping at increased viscosity with a simultaneously
oscillating and translating bubble
Case 2 shown in Figure 3.6 shows that as the viscosity increases, the number of oscilla-
tions of the bubble increases, even when the bubble eventually collapses with a jet. The
viscosity of the ﬂuid used here is µ = 200 mPas. In Frame 1, the crossed wires at a
non-dimensionalized bubble center to plate distance of H ′ = 1.7 can be seen. Frame 2
shows the bubble at its maximum size of Rm = 5.2 mm and Frame 3 at its minimum
size, before a jet is formed as shown in Frame 4. The subsequent frames show four oscil-
lations after the initial growth and collapse, with the maximum bubble sizes in Frames
5, 7, 9 and 11, and the minimum sizes in Frames 6, 8, 10 and 12. Although the jet from
the bubble has traversed the hole in Frame 7, the main part of the bubble exits only
in Frame 12. The bubble continues to move downwards as seen in Frames 13 to 15. In
this case, the bubble completely passes through the hole and the pumping is successful.
In other cases which are to be presented, the bubble may not reach the plate or may
only enter but not pass through due to high viscosity or a very large value of H ′. In the
present case, the bubble also becomes stable and the collapsing jet does not break-up the
bubble into smaller bubbles. In contrast, a bubble in water breaks up into many smaller
bubbles due to the jet as shown in Case 1 and by Lew et al. [27]. Another observation
is that the bubble translates towards the rigid boundary even as it simultaneously goes
through oscillation cycles.
3.3.4 Case 3: Suppression of high-speed jet at very high viscosity
Case 3 as depicted in Figure 3.7 shows that when a highly viscous ﬂuid is used, the
bubble oscillates and moves towards and across the hole without forming a clear jet.
The viscosity of the ﬂuid used here is µ = 950 mPas. Frame 1 shows the crossed wires
at a non-dimensional bubble-center to plate distance of H ′ = 0.6. Frame 2 shows the
bubble at its maximum radius of Rm = 4.4 mm and Frame 3 shows the bubble at its
minimum volume. In Frames 4 and 5, the top of the bubble is ﬂattened and possibly
a jet directing downwards is formed, but does not penetrate the opposite bubble wall.
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Figure 3.6: Case 2: Bubble oscillating and translating towards the hole for successful
pumping. Frames 1 to 12 in sequence show bubble shapes with H ′ = 1.7 and Rm = 5.2
mm near a plate with Rh = 2.5 mm at a viscosity of µ = 200 mPas at times (in ms)
0.00, 1.07, 1.60, 1.73, 2.07, 2.47, 2.80, 3.33, 3.73, 4.07, 4.47, 6.07, 7.27, 7.92 and 13.27
The plate has a thickness of L = 5 mm. The scale bar shown in Frame 1 corresponds to
2 mm.
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Subsequently the bubble oscillates and moves towards the hole slowly and translates to
its maximum downward distance in Frame 6 (t = 6.80 ms). In this case, there is no clear
jet and the bubble does not break-up into smaller bubbles. The increase in viscosity
suppresses jet formation which further corroborates the stabilizing eﬀect of viscosity on
jet formation.
Figure 3.7: Case 3: Jet suppression in bubble at high viscosity with bubble moving into
the hole as a single entity. Frames 1 to 6 in order show bubble shapes with H ′ = 0.6
and Rm = 4.4 mm near a plate with Rh = 2.5 mm at a viscosity of µ = 950 mPas at
times (in ms) 0.00, 1.20, 1.80, 2.60, 3.13 and 6.80. The plate used has a thickness of L
= 5 mm. The scale bar shown in Frame 1 corresponds to 2 mm.
3.3.5 Case 4: Pumping failure at increased distance H ′
In Cases 1 and 2, the pumping is considered successful as the bubble front moves into the
hole pushing liquid from one side of the plate to the other. Failure of pumping happens
when there is an increase in the non-dimensional distance of the bubble center from the
plate H ′ or an increase in the viscosity µ as illustrated in Cases 4 and 5.
Case 4 shown in Figure 3.8 shows an example of failure caused by an increase in the
non-dimensional bubble center to plate distance H ′. The viscosity of the ﬂuid used is µ
= 390 mPas. Frame 1 shows the crossed wires at a non-dimensional distance of H ′ = 2.1
for this case. The ﬁrst cycle of oscillation is shown in Frames 2 and 3 with the maximum
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bubble radius of Rm = 5.1 mm attained in Frame 2 and the minimum size at collapse
in Frame 3. Five subsequent oscillations distinguished by signiﬁcant changes between
maximum and minimum radii for each oscillation cycle, can be seen before they get
damped. The maximum bubble sizes obtained in these subsequent oscillatory cycles are
shown in Frames 4, 6, 8, 10 and 12 and the minimum sizes in Frames 5, 7, 9, 11 and
13, respectively. Unlike Case 1 where the bubble translates and moves into the hole, the
translation that the bubble undergoes here is not enough to push it through the hole.
The time (∼ 23 ms) at which the bubble stops translating eventually (Frame 14), is
much later than the ﬁrst oscillation cycle (∼ 2.1 ms). The bubble front never reaches
the hole, and hence this is considered a case of pumping failure.
An interesting observation from this case is in Frames 3 and 4 which depicts the ﬁrst
minimum and subsequent rebound. The bubble appears to be dented at the top instead
of being spherical. This has been observed in quite a few of the experiments and is likely
to be due to the method used to generate the bubble namely using electrodes in contact
whose presence aﬀects the bubble in turn.
3.3.6 Case 5: Increase in viscosity leading to pumping failure
Case 5 shown in Figure 3.9, shows that an increase in the viscosity µ can also cause
failure of pumping. The viscosity used here is µ = 950 mPas. Frame 1 shows the crossed
wires at a non-dimensional distance of H ′ = 1.8. Frames 2 and 3 show the initial growth
and collapse cycle with the maximum bubble radius of Rm = 4.0 mm attained in Frame
2 and the minimum volume attained in Frame 3. No clear jet can be distinguished
during collapse and the bubble continues to oscillate and move towards the plate. In
this case, the bubble oscillates almost spherically throughout as seen in Frames 4 to 13.
The maximum bubble sizes are attained in Frames 4, 6, 8, 10 and 12, while the minimum
volumes are attained in Frames 5, 7, 9, 11 and 13. The translation of the bubble towards
the plate is slow and the ﬁnal position at which the bubble stops translating further is
shown in Frame 14. The diﬀerence between Case 4 and Case 5 mainly lies in the absence
of a clear jet in this case. It is because of the high viscosity which is about 1000 times
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Figure 3.8: Case 4: Failure of pumping at increased non-dimensional distanceH ′. Frames
1 to 14 in order show bubble shapes with H ′ = 2.1 and Rm = 5.1 mm near a plate with
Rh = 2.5 mm at a viscosity of µ = 390 mPas at times(in ms) 0.00, 1.00, 1.67, 2.07, 2.53,
2.93, 3.33, 3.67, 4.07, 4.40, 4.73, 5.13, 5.53 and 23.00. The plate has a thickness of L =
5 mm. The scale bar shown in Frame 1 corresponds to 2 mm.
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that of water.
Figure 3.9: Case 5: Failure of pumping at high viscosity with jet suppression. Frames 1
to 14 in order show bubble shapes with H ′ = 1.8 and Rm = 4.0 mm near a plate with
Rh = 2.5 mm at a viscosity of µ = 950 mPas at times(in ms) 0.00, 0.60, 1.07, 1.40, 1.80,
2.13, 2.47, 2.73, 3.07, 3.33, 3.67, 4.00, 4.33 and 7.80. The plate has a thickness of L = 5
mm. The scale bar shown in Frame 1 corresponds to 2 mm.
3.3.7 Case 6: Smaller hole radius leading to partial pumping by the
bubble
Cases 1 to 5 show the key qualitative observations in the bubble pumping and its failure
as the viscosity is varied. Through Case 6, the eﬀect of changing the hole radius Rh is
presented.
Case 6 shown in Figure 3.10 shows that when the hole radius Rh in the plate is reduced,
a signiﬁcant part of the bubble remains outside the hole and does not contribute much
to the pumping. The viscosity of the ﬂuid used here is µ = 390 mPas and the plate
used has a hole of radius Rh = 0.75 mm and a thickness L = 5 mm. Frame 1 shows the
crossed wires at a non-dimensional distance of H ′ = 1.2 before the spark is generated.
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Figure 3.10: Case 6: Smaller hole size leading to partial pumping by the bubble. Frames
1 to 9 in order show the bubble with H ′ = 1.2 and Rm = 3.73 mm near a plate with
Rh = 0.75 mm at a viscosity of µ = 390 mPas at times(in ms) 0.00, 0.73, 1.27, 1.67,
2.07, 2.33, 2.73, 3.07 and 5.47. The plate has a thickness of L = 5 mm. The scale bar
shown in Frame 1 corresponds to 2 mm.
The bubble reaches its maximum radius of Rm = 3.73 mm in Frame 2 and its minimum
volume in Frame 3. The bubble then rebounds (starts re-expanding) before any jet is
formed and two clear oscillations can be distinguished with the maximum sizes attained
in Frames 4 and 6 and the minimum sizes in Frames 5 and 7. From Frame 4 it is observed
that as the bubble expands, the lower part of the bubble enters the hole although there
is no distinguishable jet seen. Subsequently the pumping occurs as the bubble translates
towards the hole and a portion of it moves into the hole. Frame 9 shows the maximum
distance moved by the lower part of the bubble. From Frames 8 and 9, it is observed
that a signiﬁcant part of the bubble remains outside the hole on top of the plate during
the pumping. For the same ﬂuid, a bubble at a comparable H ′ and near a larger hole
of Rh = 2.5 mm (case not shown here), moves entirely through the hole as it oscillates
and translates. It can be inferred that the amount of ﬂuid that is pumped would be
lower for a smaller hole radius Rh due to part of the bubble remaining on the top of the
plate and also the smaller radius of the hole which is expected to reduce the volumetric
ﬂux (see Section 3.3.11). The key observation from this case is that a signiﬁcant portion
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of the bubble remains on top of the plate and therefore has limited contribution to the
pumping. For the smaller hole radius of Rh = 0.75 mm, a portion of the bubble remained
on top of the plate for all the viscosities used in this study.
3.3.8 Case 7: Opposite directed jets at a low non-dimensional bubble
center to plate distance H ′ and a large bubble radius Rm
Case 7 shown in Figure 3.11 shows an atypical situation where there are apparently two
opposite jets as the bubble collapses. The viscosity of the ﬂuid used is µ = 70 mPas, and
the plate used has a hole radius of Rh = 1.5 mm and a thickness of L = 5 mm. Frame 1
shows the crossed wires at a non-dimensional distance H ′ = 0.3 and the bubble reaches
its maximum radius of Rm = 4.5 mm, in Frame 2. The bubble here is large and ﬁlls up
the entire hole, stretching onto the other side of the holed plate. The radius of the top
hemispherical part of the bubble in Frame 2 is taken to be the bubble radius Rm. As
the bubble collapses to its minimum size (Frame 5), the portion of the bubble within the
hole ﬁrst collapses (Frame 3). Subsequently, an upward directed jet through the top half
of the bubble (Frame 4) and a downward moving and expanding vortex ring (Frames 3
to 8) are observed. The bubble as such collapses to its minimum size in Frame 5 and
forms a downward directed jet and pumps ﬂuid through the hole as seen in Frames 6 to
8.
In bubble collapse near rigid boundaries, a counterjet has been reported by earlier re-
searchers [18, 19, 86] for bubbles near rigid boundaries in the non-dimensional bubble
center to boundary distance range 1 ≤ H ′ ≤ 3. However, the present upward directed
jet in Frame 4 does not appear to be a counterjet as described in these studies. The
diﬀerences are highlighted here. In the previous studies, the counterjet is formed after
the main jet in the bubble strongly hits the opposite bubble wall and consists of mi-
crobubbles. It is not observed when the jet is weak which happens when H ′ > 3 or
when it directly hits the boundary as is the case when H ′ < 1. In the present case, the
upward directed jet is formed before the main jet and the H ′ here is outside the range
of 1 ≤ H ′ ≤ 3. It is to be noted, however, that in the present case, the boundary nearby
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has a hole at the location right underneath the bubble. A likely explanation for this
upward jet is given as follows. Between Frames 2 and 5, it seems that the bottom of the
bubble (which comes out from the other side of the hole in Frame 2) collapses ﬁrst. The
pinched oﬀ part forms a ring of bubbles (vortex ring) which moves downwards away from
the plate. There is a jet from the collapsed bottom bubble all the way penetrating the
yet to collapse original bubble in Frame 4 which then comes out on the top of the bubble.
Thus, the bottom of the bubble in Frame 2 which is ﬂattened against the bottom side
of the plate, appears to act like a bubble near a boundary (the bottom of the plate) to
form a jet. It appears that the peculiar combination of bubble size and H ′ along with
the hole radius Rh and plate thickness L probably led to this interesting phenomenon.
Figure 3.11: Case 7: Opposite directed jets at a low non-dimensional bubble center to
plate distance H ′ and a large bubble radius Rm. Frames 1 to 8 in order show bubble
shapes with H ′ = 0.3 and Rm = 4.5 mm near a plate with Rh = 1.5 mm at a viscosity of
µ = 70 mPas at times(in ms) 0.00, 0.87, 1.13, 1.33, 1.60, 1.87, 4.33 and 5.47. The scale
bar shown in Frame 1 corresponds to 2 mm.The large bubble expands onto the other
side of the hole and a portion of this bubble on the bottom of the hole collapses ﬁrst
leading to the upward directed jet in Frames 2 to 4. The portion of the bubble on top
of the hole collapses between Frames 5 to 8. Also note the occurence of a vortex ring
moving downwards in Frames 3 to 8. The plate has a thickness of L = 5 mm.
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3.3.9 Dimensional analysis approach to characterize pumping eﬃcacy
In the previous subsections, the reasons for failure of pumping were identiﬁed as an
increase in non-dimensional distance H ′ or an increase in viscosity µ (Cases 4 and 5). A
dimensional analysis is now presented which also shows that the two parameters identiﬁed
above are the key parameters that aﬀect the pumping induced by the bubble. The
analysis gives a basis for quantifying the pumping eﬃcacy, which is presented in the
sections that follow.
The eﬃcacy of pumping is aﬀected by parameters such as the distance of the bubble-
center from the plate H, the maximum radius of the bubble Rm, the radius of the
hole in the plate Rh, the plate thickness L, and the inherent ﬂuid properties, such as
surrounding reference pressure p∞, density ρ and dynamic viscosity µ. This can be
expressed in mathematical terms as
E = f(p∞, ρ, µ,Rm, Rh, L,H) (3.1)
where E is the eﬃcacy of pumping. A dimensional analysis to obtain the dimensionless
terms is carried out using p∞, ρ and Rm as the repeating terms. This gives the eﬃcacy
as






















as used in the Reynolds number deﬁnition.
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For a given plate of ﬁxed hole radius Rh and thickness L, the dimensionless terms Rh/Rm
and L′ are constants if the bubble size Rm is kept unchanged. In the experiments
presented here, the variation of the bubble radius Rm was within the range of 3.5 mm
to 5.5 mm irrespective of the viscosity of the ﬂuid used. For simplicity of analysis, if we
assume the Rm to be a constant, in such a case, the eﬃcacy deﬁned in Equation 3.2 is
a function varying with only Re (or 1/µ from Equation 3.3) and H ′.
At this point, it should be noted that the eﬀect of the heat and mass transfer of the gas
from the bubble to the surrounding ﬂuid and the eﬀect of surface tension on the bubble
surface upon the eﬃcacy of pumping has been neglected in the above analysis. This is
justiﬁed as follows.
If we consider the time-scales of the bubble oscillation and collapse and its lifetime (see
Figure 3.4, for example), the typical time scale tt is of the order of a few milliseconds. For
heat transfer to the surrounding ﬂuid, a typical value of the thermal penetration depth
over which heat transfer takes place in time tt is given by Lth ∼
√
Dttt in water, where
Dt is the coeﬃcient of thermal diﬀusivity of water given as Dt = 1.6 × 10−7m2/s at a
temperature of 300 K. Substituting the value of tt = 1 ms, this gives Lth ∼ 12µm which
is 100 times smaller than the bubble radius of the order of 1 mm in our experiments. As
such, heat transfer eﬀect is not likely to be important. A similar analysis can be carried
out for the typical length scale Lm for mass transfer by diﬀusion of air in water and given
as Lm ∼
√
Dmtt. Here Dm is the mass diﬀusivity coeﬃcient of water and with a typical
value of Dm = 10
−9m2/s, this gives rise to Lm ∼ 1µm which is 1000 times smaller than
the bubble radius of the order of 1 mm. Hence mass transfer is also neglected.
For the surface tension, its eﬀect in terms of pressure is given by ps = 2σ/R where σ is
the coeﬃcient of surface tension and R is the bubble radius. A comparison between the





and the surface tension term ps is presented next.
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Consider the characteristic velocity vbub = 10 m/s (3.5) with p∞ at 105N/m2 and density
ρ = 1000 kg/m3, with which we get the bubble pressure term as pbub= 5× 104 Pa from
Equation 3.6. For a surface tension coeﬃcient of σ = 73 × 10−3 N/m (applicable for
water-air interface), and a bubble radius R of the order of 10−3 m , the surface tension
term ps = 146 Pa, which is two orders of magnitude lower compared to pbub. Hence it
has been neglected. For a bubble of a few micrometers size, the surface tension pressure
term ps would be of the same order of magnitude as pbub. Therefore the eﬀect of surface
tension would become more important for micrometer sized bubbles and can be neglected
for millimeter sized bubbles as employed in the present experiments.
The eﬀect of the surface tension for such similar non-equilibrium bubbles in millimeter
size has also been shown to be negligible in an earlier study by Fong et al. [87].
3.3.10 Variation of limiting H ′ with viscosity
In this subsection, the eﬃcacy of pumping is quantiﬁed in terms of the limiting H ′
hereafter denoted as H ′lim. H
′
lim is deﬁned as the minimum non-dimensional distance H
′
at which pumping fails according to the criterion deﬁned in Section 3.2.2. Figure 3.12
shows a plot of the variation of H ′lim with relative viscosity µfluid/µwater for the plates
with hole radii Rh of 0.75 mm, 1.5 mm and 2.5 mm. To obtain the H
′
lim, experiments
are conducted by varying the distance H of the crossed electrodes (bubble-center) from
the plate, and observing the jetting after the bubble collapses. At a certain H ′, the
pumping fails. Based on this identiﬁed H ′, experiments are conducted at higher H ′ to
verify the failure of pumping at such distances and also at distances below the identiﬁed
H ′ to check if pumping is successful. It should be noted here that the values of H ′ thus
obtained are accurate to ±0.1 or larger, because of the discrete nature of the variation
of H ′ and also the variation of bubble maximum radius. This is a primary reason for
the scatter in the data shown in Fig 3.12.
From Figure 3.12, it can be seen that for all the three hole radii, H ′lim decreases as the
viscosity increases. The H ′lim value seems to decrease with increase in hole radius Rh,
although not signiﬁcantly. Consider now the curve corresponding to Rh = 2.5 mm. The
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H ′lim decreases from 4.3 to 2.7 as viscosity increases from µ = 1 mPas (water) to µ = 70
mPas and after that the decrease is rather gradual from 2.7 to 1.2 for µ = 70 mPas
to µ = 950 mPas. Across all hole radii, for µliquid/µwater < 200, the decrease in H
′
lim
due to increase in viscosity is faster and more pronounced as compared to the range of
µliquid/µwater > 200. There are probably two diﬀerent regimes of ﬂow corresponding to
the two diﬀerent trends in the variation of H ′lim. A more detailed study is, however,
necessary to understand the eﬀects of the viscosity variation. In summary, Figure 3.12
shows the eﬀect of viscosity on the failure of pumping and indicates that as viscosity
increases, the failure of pumping occurs at a lower non-dimensional distance H ′.
3.3.11 Flux through the hole
In order to quantify the variation of pumping due to change in viscosity, the volumetric
ﬂux through the hole can be estimated as described by Lew et al.[27]. The volumetric





Here u is the velocity of the ﬂuid within the hole and A is the cross sectional area of the
hole given as A = piRh
2. The amount of liquid that has been pumped through the hole
can be obtained by setting t to a suﬃciently large value. It should be noted here that
Equation 3.7 assumes the velocity u to be fairly uniform across the hole.
In order to compare across viscosities in terms of the estimated Flux(t), experiments
were conducted for ﬂuids of four diﬀerent viscosities namely µ = 1 mPas, 45 mPas, 75
mPas and 900 mPas at frame rates of up to 225,000 frames per second in order to get more
data points for estimation of the velocity u. The velocity u is obtained using the jet tip
or any observable part of the bubble within the hole by measuring the distance traversed
by the tip or bubble portion over time. The plate used for all the ﬂuids had a hole radius
of Rh = 2.5 mm. The value of Rh is used for calculating the cross sectional area A. Time
t = 0 corresponds to the time when the jet just enters the hole. The ﬁnal time t → ∞
is the time when the velocity within the hole is nearly zero. The ﬂux is obtained by
approximating the integral to be a summation. The volumetric ﬂux calculated is then
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Figure 3.12: The experimentally obtained non-dimensional distance H ′ at which the
pumping fails (H ′lim) for solutions of diﬀerent viscosities for hole radii Rh = 0.75 mm ,
1.5 mm and 2.5 mm. All the cases used plates of thickness L = 5 mm.
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non-dimensionalized with the maximum bubble volume V olm =
4
3piRm
3. The time is
also non-dimensionalized with the total oscillation time of the ﬁrst period tosc1 of the
bubble for each of the ﬂuids. The non-dimensional ﬂux gives an estimate of how much
of the bubble volume was pumped across the hole due to the collapsing bubble. The
maximum sizes of the bubbles were Rm = 4.4 mm, 5.3 mm, 5.1 mm and 5.7 mm for the
ﬂuids of viscosity µ = 1mPas, 45 mPas, 75 mPas and 900 mPas respectively. The H ′
was around 1.1 for all the ﬂuids.
The results of the ﬂux calculations are shown in Figure 3.13. The initial increase in
ﬂux for all the ﬂuids corresponds to the pumping due to the bubble jetting and moving
across the hole. Subsequently, when a major portion of the bubble has exited from the
other side of the hole, the ﬂow within the hole decreases and the total non-dimensional
volumetric ﬂux stabilizes near a maximum value. It can be seen that the non-dimensional
volumetric ﬂux decreases with an increase in viscosity with a value close to 2.0 for water,
1.0 for both ﬂuids of µ = 75 mPas and 45 mPas and around 0.4 for µ = 900 mPas. Thus,
as the viscosity increases, the percentage of the bubble volume that is pumped through
the hole decreases.
3.4 Conclusions
In this Chapter, the collapsing bubble-induced pump has been demonstrated to work
in viscous ﬂuids using glycerol-water mixtures of diﬀerent concentrations. Qualitatively,
an increase in the viscosity leads to increased stability of the bubble oscillations. Nev-
ertheless the oscillating bubble in a viscous liquid near a rigid plate still oscillates and
simultaneously translates towards the plate as a similar bubble in water does. But unlike
the bubble in water, a bubble in a viscous liquid does not break up into small bubbles.
At very high viscosities, no distinguishable jet is observed, and the bubble moves into the
hole without jetting. An increase in the non-dimensional bubble-center to plate distance
H ′ as well as the viscosity µ leads to failure of pumping. The failure of pumping is quan-
tiﬁed in terms of the limiting H ′ = H/Rm at which the bubble front fails to reach the
plate. The limiting H ′ (H ′lim) shows a sharp decrease with increase in viscosity initially,
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Figure 3.13: Volumetric ﬂux through the hole (Flux(t)) non-dimensionalized by the
maximum bubble volume (V olm) plotted as a function of dimensionless time t/tosc1 for
ﬂuids of viscosity µ = 1 mPas (water), 45 mPas, 75 mPas and 900 mPas. (tosc1) is the
oscillation time for the ﬁrst cycle of the bubble expansion and collapse. The dimensional
time t = 0 corresponds to the instant when the jet from the bubble just enters the hole.
The maximum radii of the bubbles with the corresponding viscosity in parenthesis are :
4.4 mm (1 mPas), 5.3 mm (45 mPas), 5.1 mm (75 mPas) and 5.7 mm (900 mPas). All
the cases had a non-dimensional distance H ′ around 1.1 and used a plate with Rh = 2.5
mm.
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but after 200 mPas, the decrease becomes slower. The non-dimensional volumetric ﬂux
pumped through the hole also gives a quantitative measure of the pumping and is found
to decrease as the viscosity increases. The characteristics of a bubble in a free-ﬁeld in
viscous ﬂuids is also presented in terms of the number of bubble oscillations observed
and the variation of the bubble radius with time, as obtained from direct observations
using high-speed photography.
The ﬁndings presented here can be applied in areas such as mixing in micro-channels,
or lab on a chip devices and in bio-medical applications where oscillating bubbles are
present in a viscous ﬂuid. In micro-channels, the ﬂows are laminar due to the small sizes
of the channels, and non-equilibrium bubbles can be used to enhance mixing between
ﬂuids separated by solid surface partition with a hole. Most lab on a chip devices use
bio-ﬂuids such as blood and plasma, which are viscous. The results presented here could
be used in the design of such micro-ﬂuidic devices.
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Chapter 4
Impacting jets at the micrometer
scale due to shock-wave interaction
with a hole in a plate
4.1 Introduction
In Chapter 3, the eﬀect of viscosity on an oscillating and collapsing bubble and the
formation of the high-speed jet upon bubble collapse was studied in the context of the
collapsing bubble induced pumping principle. In this Chapter, we study the dynamics
of a bubble induced jet, but now in a situation where the jetting is into another ﬂuid
medium (air). Such jets lead to the formation of droplets and sprays of liquid in air and
are useful in many applications.
The formation of jets of liquid in air and their break-up characteristics have been studied
for more than a century. Eggers and Villermaux [70] in a review on physics of liquid
jets give a historical account and describe the diﬀerent aspects of jet break-up including
the mechanisms which lead to the break-up in various situations such as in sheets, jets
and sprays. They also summarise the analytical, experimental and numerical approaches
used to study the diﬀerent phenomena. For the case of a round liquid jet in a stagnant
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gas, Lin and Reitz [69] classify the jet break-up phenomena into four diﬀerent regimes
based on the dominant mechanisms leading to jet break-up. Separately, in studies on
multiple jets, the impingement of two liquid jets either in a head-on collision or at an
angle has also been studied both experimentally and analytically [35, 36, 37, 88, 89].
The collision results in a thin elliptical shaped sheet of liquid in the plane bisecting the
angle between the two jets with a rim of droplets surrounding the sheet.
In this Chapter an experimental study is presented which describes the formation of two
impacting jets leading to a sheet of liquid with a rim of droplets similar to the earlier
studies above, but now at a smaller micrometer length scale. The formation of these jets
is driven by the expansion and collapse of a cavitation bubble. The bubble is nucleated
near a plate with a hole situated at an air-water interface. Bubbles near a boundary
collapse with a jet directed towards the boundary as described in many previous works
[4, 9, 10, 50]. In these studies, an asymmetry due to a pressure gradient or the presence
of a boundary near a bubble leads to focusing of the ﬂuid in the form of a jet. In the
present experiments, the jetting ﬂow induced in a bubble near a boundary is utilized to
focus two jets through the hole in the plate, one each during the expansion and collapse
phase of the bubble.
The interaction of a shock-wave with an air-water interface causes cavitation due to the
reﬂection of the shock-wave in the form of a rarefaction wave. In the study described in
this Chapter, a plate with a hole was placed near an air-water interface and subject to
a shock-wave. The interaction of the shock-wave with the hole and its reﬂection at the
free surface leads to bubble nucleation under the hole. As the bubble expands in contact
with the hole, it pushes the liquid inside the hole in the form of a slow `primary jet'.
The bubble then collapses with a jet towards the plate leading to a faster `second jet'
through the hole that impinges onto the `primary jet'.
The Chapter is organized as follows. In Section 4.2, the experimental set-up and the
procedure used for the experiments is described. A silicon plate (10 mm × 10 mm) with
a hole of ∼ 25 µm diameter is positioned on the surface of water in a water bath such
that the hole is exactly at the focus of a shock-wave lithotripter. A focused shock-wave
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then leads to the nucleation of a cavitation bubble below the hole. The expansion and
collapse of the bubble leads to two separate jets which impact each other, resulting in a
circular sheet of liquid in the plane perpendicular to their axis. The entire phenomenon
is recorded using a high-speed camera. In Section 4.3, the observed phenomenon of
bubble-induced impacting jets is illustrated through speciﬁc cases in the form of high-
speed image sequences of both the bubble below the hole and the jet above the hole.
A discussion follows which gives an insight into the mechanism leading to the observed
jets and sprays. The eﬀect of varying the shock-pressure on the bubble and the jet
characteristics is also described. Further evidence is also presented that conﬁrms the
key role of the bubble in driving the phenomenon. Some preliminary results of the
diﬀerent types of jets observed when a plate with two holes is used are then presented.
Finally in Section 4.4, we conclude with a focus on the potential applications of this
study and areas for future work. The phenomenon described in this Chapter provides
the motivation for the study in Chapter 5 where the experiments are replicated on a
larger scale and further insight into the mechanism behind the jets is obtained. The
main results of this Chapter have also been published as a Rapid Communication in
Physical Review E (vol.85, 015303(R), 2012) [90].
4.2 Experimental description
4.2.1 Experimental set-up
The experimental set-up used in this study is shown in Figure 4.1a. It consists of a
modiﬁed commercial shock-wave lithotripter, a water bath with the transducer of the
shock-wave lithotripter ﬁxed at the base, a silicon plate with a hole of a few micrometers
in size at its center, a custom-built holder to ﬁx the plate in position on the water
surface, a high-speed camera (Photron Fastcam SA 1.1 color) and illumination system
(Olympus ILP-2 light source) for recording the images, two three axis translation stages,
one each for positioning the plate holder and the camera respectively, and a digital delay
generator. The help of Prof. Claus-Dieter Ohl and Dr. Silvestre Roberto Gonzalez-Avila
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of NTU for allowing the use of their equipment and assistance with the experiments is
gratefully acknowledged.
The shock-wave lithotripter used is a modiﬁed commercial shock-wave lithotripter (Piezolith
3000, Richard-Wolf GmbH, Knittlingen, Germany). The original lithotripter consists of
a transducer made up of two layers. Each layer comprises hundreds of piezoelectric ce-
ramics arranged in a hexagonal pattern on the front and back of a hemi-spherical shell,
which can be triggered using electricity to generate a pressure wave. In the original
lithotripter, upon activation, the front side of the transducer is triggered with a delay of
2.4 µs with respect to the back side to coincide with the pressure wave from the back.
This arrangement leads to a pressure wave with twice the amplitude at its focal point
as opposed to using a single layer alone. In the modiﬁed set-up, the two layers could be
activated one at a time or both together as necessary. In all the experiments described
in this Chapter, only the back layer is activated. The transducer has a diameter of 251
mm and an opening angle of 94o. The water bath is ﬁlled to a height of 194 mm from
the center of the hemispherical transducer. The water surface corresponds to the focal
plane of the transducer. This ensures that the maximum pressure intensity occurs at
the free surface. The shock wave has a focal width of 2.2 mm (full width at half maxi-
mum - FWHM). The shock pressure can be varied by varying the driving voltage of the
transducer.
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Figure 4.1: a) Schematic of the experimental set-up used for the study of microme-
ter sized jets - 1) High-speed camera. 2) Long-distance microscope. 3) Shock-wave
transducer. 4) Silicon plate ﬁxed in the groove within a custom-built holder. Inset: a
magniﬁed view of the holder and plate set-up is shown. The plate is positioned at the
water-air interface. 5) Water bath. 6) Top portion of the water bath used for viewing the
phenomena. 7) Control panel for the shock-wave lithotripter. 8) Digital Delay generator.
Both the camera and the holder are ﬁxed onto separate three axis translation stages, as
indicated by the axes. b) A cross-section view through the hole in the plate indicating
the positions where the camera images were recorded (shown by sample images above
and below the plate). The plate thickness is to scale.
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The water bath consists of a rectangular tank of dimensions 300 mm × 300 mm × 106
mm which is made of Perspex with a wall thickness of 8 mm. At the bottom of the water
bath there is a circular hole of dimension such that the transducer of the shock-wave
lithotripter can be tightly ﬁtted into the hole. The transducer is then fastened with
screws at the bottom. On top of the rectangular tank, there is an additional structure
made of Perspex where the activity due to the shock-wave and its interaction with the
plate is observed. This Perspex structure comprises of a hollow cube of dimensions of
70 mm × 70 mm × 70 mm and a wall thickness of 8 mm which is open at its top and
bottom. The focal plane of the shock-wave lithotripter is situated mid-way up to this
top portion of the water bath, and the camera is focused at this portion. Water is ﬁlled
into the tank from the top open end of this cube.
The plates used in the experiment were made from a silicon wafer (100 orientation, P-
type wafer with total thickness variation <10 µm) which is polished on the side exposed
to the water. The square plates (10 mm x 10 mm) have a thickness of 0.50 mm. A hole
of diameter ∼ 25 µm was etched in the center of the plate using a laser [High power
diode-pumped, repetitively Q-switched Nd:YAG laser system, 5200 (ESI)]. Because of
the laser-etch technique, the hole is slightly tapered with a diameter of ∼ 25 µm on
the surface where the laser etch was started (polished surface) and a diameter of ∼ 20
µm at the other surface. Figure 4.1b shows a cross-section of the plate through the
hole (to scale) which shows the tapered hole (dark portion) in the center of the shaded
region. I acknowledge the help of Dr. Sean J. O'Shea and Dr. Loke Yee Chong of IMRE,
Singapore, who provided the plates for the experiment.
During experiments, the plate was positioned on the air-water interface such that the
hole is exactly at the focus of the shock-wave lithotripter. The plate is held in place
using a custom built holder made of Perspex. The holder and plate set-up is shown in
the inset in Figure 4.1a. The plate is slotted into the holder to hold it ﬁrmly in place.
The holder comprises of a horizontal U-shaped slot and a vertical cylindrical post. The
plate is slotted in and removed when it needs to be changed through the open end of
the slot. The open end of the slot is positioned to face the tank wall from where the
camera is focused. A circular hole is made at the opposite end of the slot which serves
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as a viewing window. This side containing the viewing window is positioned towards the
tank wall facing the illumination set-up. The holder is ﬁxed to an optical post using a
threaded screw and then onto a three-axis translation stage via the vertical cylindrical
post. This allows the holder to be moved along the three axial directions in order to
position the hole in the plate to coincide with the focus of the shock-wave lithotripter.
A high-speed camera (Photron Fastcam SA 1.1 color) operated at up to 500,000 frames
per second (fps) is used for recording the jetting phenomena. A long working distance
microscope (K2, C3 Objective, Inﬁnity, USA) is used in combination with the camera.
The camera is illuminated from the back and an exposure time of 0.37 µs was used to
record the images. A focused light source (Olympus ILP-7) guided by an optical ﬁbre
was used to illuminate the set-up using diﬀused back-lighting.
When the lithotripter is activated, a focused shock-wave is generated with its focus
at the location of the hole. The interaction of the shock-wave with the hole led to
cavitation activity below the plate and a jet of liquid emerging from the hole into the
air above the plate. Both of these regions as shown in Figure 4.1b were recorded in
separate experiments using the high-speed camera. For this purpose, the camera was
mounted on a three axis translation stage which allowed the camera to be moved and
to adjust the position of the lens for focusing both within water and in the air. The
formation of the bubble below the plate and the jet above the plate was found to be
repeatable. This repeatability allowed us to correlate the two recordings in terms of their
timing. The trigger delay of the camera with respect to the shock-wave transducer was
controlled using the digital delay generator (Model 575 Digital Delay/ Pulse generator,
BNC Corporation). For subsequent analysis of the images and measurements, the images
were calibrated using a known dimension which in this case was the thickness of the plate
(0.5 mm). The plate dimensions were recorded at a larger frame size. The resolution
of the camera was diﬀerent for recordings within water (8.75 µm/pixel) and for those
within air (8.13 µm/ pixel) for the images shown in Figure 4.4. For the images shown in
Figure 4.3, the resolution was 8.3 µm/pixel.
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4.2.2 Experimental procedure
The procedure used in the experiments is described as follows. The water bath is ﬁrst
ﬁlled to a height corresponding to the focal plane of the shock-wave transducer. The
shock-wave transducer is then triggered at a high voltage setting without the plate in
place and a jet moving into air is observed on the free water surface. This jet is a
consequence of ﬂuid focusing due to the shock-wave. The jet is recorded using the high-
speed camera and the position of the camera is adjusted such that the jet is in focus at
the desired shutter speed and camera aperture settings. The position of the camera at
this setting is noted for subsequent recordings of the jet in air (Position 1). The camera is
then lowered using the three-axis translation stage to record the bubbles created within
the water when the transducer is activated. The position of the camera is again adjusted
to get these bubbles in focus. This position is also noted (Position 2) for the subsequent
recordings within water. The camera is now adjusted back to Position 1 to record the
jet in air and the voltage of the transducer is reduced from the maximum value to the
setting desired for experiments. The set-up is now ready for experiments using the plate
with the hole.
The plate with the hole is now positioned on the surface of the water (the focal plane)
and its position is adjusted by moving the holder, such that the jet through the hole
is in the focus of the camera as determined by placing a thin vertical wire above the
hole and focusing on it. The lithotripter is now triggered and the evolution of the jet
with time is recorded using the high-speed camera. The camera is then adjusted to
Position 2 while keeping the other settings unchanged to record the activity below the
plate. The lithotripter is again triggered and the formation of a cavitation bubble in
water and its evolution with time is recorded using the camera. The driving voltage for
the transducer is then changed to a diﬀerent value and the experiment is repeated by
adjusting the camera back to position 1 and recording the jet and then to position 2
to record the bubble. At each voltage setting, 5 diﬀerent runs of the same experiment
are conducted (both for the jet and the bubble) to ensure and verify the repeatability
of the phenomenon. The variation of the driving voltage leads to a change in the shock-
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pressure and is used to study how the jet and bubble characteristics vary as the shock
pressure changes. After the high-speed videos are recorded, the image sequences are
processed using an image processing software (ImageJ) to subtract the background from
the images. The measurements of jet-tip positions and velocities are obtained based on
the calibration of the images as described earlier.
The experimental set-up and procedure involves recording very high-speed image se-
quences on a frame capturing an area of approximately 500 µm × 250 µm. The camera
set-up is thus a very critical step. Getting the jet in focus requires very careful position-
ing of the camera moving it a few micrometers at a time using the tri-axial stage. The
aperture settings and the lighting also needed ﬁne adjustment to get suﬃcient light for
the recordings. A diﬃculty that was encountered is the breakage of the silicon plates
when repeatedly subject to the shock-pressure. Thus, a number of identical plates were
fabricated to replace the broken plates.
4.2.3 Pressure proﬁle measurement at the focus of the lithotripter
Before we move on to a discussion of the results, the measurements of the typical pressure
proﬁle generated by the shock-wave lithotripter at its focus is described here in order
to better understand the phenomenon that occurs. To measure the pressure proﬁle, a
needle hydrophone (SN 1486 - Precision Acoustics Ltd. with a sensor diameter of 0.2
mm) was used and the probe tip was positioned at the focus of the lithotripter. The
pressure proﬁles are recorded under 3 diﬀerent settings with the probe tip at the focus
and
1. In a free-ﬁeld with water ﬁlled to a height of 30 mm above the probe tip.
2. Inside the hole in a plate located at the air-water interface. Water is ﬁlled upto
the focal plane and the probe tip is placed inside the hole (slightly submerged).
3. Inside the hole in a plate but with the plate completely submerged this time. Water
is ﬁlled upto 30 mm above the plate.
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It should be noted here that a glass plate of size 10 mm × 10 mm with 1 mm thickness
and 800 µm hole diameter was used as a substitute for the silicon plate used in the
experiments (10 mm × 10 mm dimension, 0.5 mm thickness, 25 µm hole diameter) so
that the needle hydrophone probe could be placed inside the hole for measurement. We
assume pressure measurements with the 800 µm hole provide a reasonable approximation
to the pressures expected within the 25 µm hole. The pressure proﬁles were recorded at
4 diﬀerent voltage settings of 2.00, 2.50, 3.00 and 3.50 kV for each of the three settings
above to observe the eﬀect of varying the voltage (shock-pressure).
In Figure 4.2, the typical results of the pressure proﬁle measurements at four diﬀerent
voltages of a) 2.00 kV, b) 2.50 kV, c) 3.00 kV, and d) 3.50 kV for each of the three
positional settings are presented. Let us consider the proﬁle for 3.50 kV. The free-ﬁeld
pressure proﬁle (dotted line) shows a positive peak of 8 MPa at about 2.5 µs and a
negative peak of -8 MPa at about 5.5 µs. In the presence of the plate and with the water
level unchanged, the peak pressure values are higher with a positive peak of 10 MPa at
about 2 µs and a negative peak of -11 MPa at about 5 µs (dashed line). In the presence
of the plate, the cycle time for the sinusoidal portion of the proﬁle is shortened to around
5 µs as compared to around 7 µs for the free-ﬁeld case. The pressure proﬁle for the case
with the plate at the air-water interface (solid line) is not much diﬀerent from the other
pressure measurement using the plate (dashed line), at least with respect to the initial
sinusoidal portion. In the later part of the proﬁle a few short peaks are observed possibly
due to cavitation activity near the plate. In the plot (Fig. 4.2), time t = 0 µs corresponds
to the time just before the sinusoidal portion of the pressure waveform ﬁrst begins. With
respect to the triggering of the shock-wave lithotripter, t = 0 µs corresponds to a delay
of 128 µs from the triggering time. For other voltage settings (2.00, 2.50 and 3.00 kV),
the pressure proﬁles are similar but the amplitudes are diﬀerent. As the voltage setting
is increased, the peak pressure values increase for all the three settings.
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Figure 4.2: Pressure proﬁles measured at the focal point of the shock-wave lithotripter
at a voltage setting of a) 2.00 kV, b) 2.50 kV, c) 3.00 kV and d) 3.50 kV in a free-ﬁeld
(dotted line), in the presence of a plate with water on top of the plate (dashed line)
and in the presence of a plate with the plate on the surface of water (solid line). A
glass plate of size 10 mm × 10 mm, thickness 1 mm and a hole diameter of 800 µm
was used as a substitute for the silicon plate (10 mm × 10 mm size, 0.5 mm thickness,
25 µm hole diameter) so that the needle hydrophone could be placed within the hole
for measurement. In the presence of the plate, there is an increase in the peak positive
and negative pressures measured and a shortening of the cycle time of the sinusoidal
proﬁle as compared to the free-ﬁeld case. There is not much of a diﬀerence in the initial
sinusoidal proﬁle for the two cases with the plate. The diﬀerence in start time of the
pressure increase between the dotted curve (without plate) of ∼ 1 µs and the dashed
and solid line curves (with plate) is due to the error (∼ 1.5 mm) in positioning the plate
in the experiments with the plate.
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Figure 4.3: Three typical micrometer sized jets with an expanding liquid ring like struc-
ture surrounding the main jet as it evolves. The appearance of the jet, its velocity and
the appearance of the ring are more or less reproducible, even though slight diﬀerences
in the size of the ring can be observed. The jet diameter `d' is around 20 to 25 microm-
eters in all the cases. The scale bar shown in Frame 1 corresponds to a length of 100
micrometers. The numbers at the bottom left indicate time in µs. The frame rate of the
camera was 360,000 frames per second.
4.3 Results and Discussion
4.3.1 Impacting jets and sprays and the mechanism behind their for-
mation
In Figure 4.3, three typical sequences are shown of a jet on top of the plate accompanied
by a prominent ring like structure. The plate position coincides with the bottom of the
frame in the sequences shown. The jet is ﬁrst observed at t = 8 µs, and the ring at t =
16 µs. Here and in subsequent ﬁgures, t = 0 µs corresponds to t = 0 µs as used for the
pressure proﬁle measurements. The ring subsequently expands in diameter even as the
main jet tip moves upwards. After a while the rings become unstable and break up. The
three sequences were recorded at the same experimental settings and depict results from
diﬀerent experimental runs. There is a similarity in the time at which the jet is ﬁrst
seen and the formation of the ring indicating that the phenomenon is repeatable. The
voltage setting used to obtain these images was 3.50 kV. The maximum jet tip velocities
range from 30 to 50 m/s.
For all the three sequences, the ring like structure is ﬁrst observed at time t = 16 µs, but
the reasons for the appearance of the peculiar ring are not obvious. It was noticed that
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when the lithotripter is activated, cavitation activity can be observed below the plate
shortly after the shockwave hits the plate. Therefore, the experiments are repeated and
the cavitation below the plate recorded.
Figure 4.4 shows six image sequences of the jet with the ring and the corresponding cavi-
tation bubble observed below the plate for diﬀerent pressure settings (a-f) (distinguished
by the diﬀerent voltage settings 3.25, 3.50, 3.75, 4.00, 4.25 and 4.50 kV). A higher volt-
age setting results in a shock-wave with a larger pressure amplitude. The position of the
plate in the images is indicated by the white line in the ﬁrst frame of each sequence.
The phenomenon observed on the top of the plate is entirely driven by the bubble which
develops below the plate, beginning with the nucleation of the bubble and the subsequent
expansion and collapse. Consider one typical sequence Fig. 4.4a. Fig. 4.4a shows that
the appearance of the bubble at the bottom and the jet on top occured simultaneously
at t = 8 µs. The bubble is formed below the location of the hole. The shock-wave is
reﬂected at the air-water interface through the hole and consequently a tensile pressure
is created inside the hole which leads to bubble nucleation. The times of the bubble's
appearance and the negative peak in the pressure proﬁle measurements supports the
possibility that the negative peak pressure led to the bubble nucleation. The pressure
proﬁle (Fig. 4.1b) shows that in the presence of a plate, the negative pressure peak is
reached at t = 4 µs (t = 6 µs for the free-ﬁeld case). The bubble is ﬁrst observed at
a visible size at t = 8 µs, which corresponds to 1 to 2 frames after the negative peak
pressure (based on the frame rate used).
By t = 10 µs, the bubble expands to a maximum radius of ∼ 140 µm while attached
to the hole. As it expands and then collapses (t = 12 µs), it pushes some of the ﬂuid
within the hole in the form of a jet which is expelled from the other side. This jet is
henceforth called the `primary slow jet'. By t = 14 µs, the bubble completely collapses
and a horizontal ring like structure which is not yet fully developed into a distinguishable
ring is seen close to the jet-tip. The reﬂection of the ring in the plate can also be seen.
A second cavitation zone is then observed below the plate from t = 16 to 32 µs. The
second cavitation zone does not have much of an eﬀect on the jet on top. It is possibly
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Figure 4.4: The evolution of the jet above the hole and the cavitation bubble formed
below the hole for increasing shock pressures is shown a) 3.25 kV, b) 3.50 kV, c) 3.75 kV,
d) 4.00 kV, e) 4.25 kV and f) 4.50 kV. Each sequence is a combination of two separate
recordings at the top and bottom of the plate. There is a correlation between the ﬁrst
collapse of the bubble and the appearance of a ring shaped jet shortly afterwards. Note
the change in the character of the ring from circular to irregular shape, the increase in
the cavitation bubble size and the consequent delay in the collapse of the bubble and
ring formation as the shock strength is increased. The scale bar shown corresponds to
a length of 100 micrometers. The position of the plate is indicated with a solid white
line in the ﬁrst image of each sequence (top and bottom). The numbers at the bottom
of each image sequence indicates the time in µs.
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because the liquid within the hole was expelled by the formation of the `primary jet'
and the subsequent bubble collapse. On top of the plate, the ring continues to radially
expand and also move forward reaching the jet-tip at t = 16 µs.
The observations for other voltage settings [Figs. 4.4(b-f)] are similar. The bubble
expanded to a maximum radius which increased with an increase in the voltage used
(from 140 µm for 3.25 kV to 270 µm for 4.50 kV) and then collapsed. Around 0 to 2
µs after the bubble collapsed, a liquid ring emerged above the plate for all the voltage
settings. The ring formation was delayed with an increase in the shock-pressure. This
corresponds to a delay in the bubble collapse resulting from an increase in the bubble
diameter and suggests that the ring structure is probably a consequence of the bubble
collapse. The character of the ring also changes from a circle to a spray like structure
as the voltage increases. A second cavitation zone is observed below the plate for all the
pressure settings after the collapse of the bubble which, however, does not have a visible
eﬀect on the evolution of the jet. The second cavitation zone could have formed due to
a lowering of the pressure in the region from reﬂected shock-waves.
An oscillating bubble close to a rigid boundary is known to collapse with a jet directed
towards the boundary [4, 9, 10, 26, 27, 58, 86, 91]. A question that then arises is - does
the observed ring result from this second jet due to the bubble collapse?
To explore this possibility, the position of the jet-tip, the variation of the bubble radius
and the position of the ring jet is plotted as a function of time for two diﬀerent pressure
settings (3.25 kV and 4.00 kV) in Figure 4.5. Let us consider Figure 4.5a for the 3.25
kV setting. The ﬁrst appearance of the ring coincides with the bubble collapse. For
the jet-tip position, there are two diﬀerent slopes observed. Initially, the jet-tip position
moves linearly with time till t = 14 µs. After the second jet collides with the primary
slow jet (i.e after t= 14 µs). the variation of the jet-tip position shows an increased slope
indicating an acceleration of the jet-tip. A similar observation is seen for Figure 4.5b
which corresponds to 4.00 kV. In this case, the bubble reaches its maximum radius of
∼ 240 µm at t = 14 µs. The bubble collapses reaching a minimum volume at t = 18
µs and the collapse time (∼ 4 µs) is shorter compared to the expansion time (∼ 8 µs).
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The ring is ﬁrst observed above the plate at t = 18 µs which coincides with the bubble
collapse time. Subsequently, the jet-tip and the ring move out of view by t = 20 µs. In
this case too, there is a change in the slope of the line joining the jet-tips from before
the appearance of the ring (i.e. t = 18 µs) to after the ring formation.
The observations suggest that upon bubble collapse, a faster second jet impacts with
the `primary slow jet', leads to a ring and also imparts an acceleration to the jet-tip.
The jet-tip velocities were calculated and show an increase from ∼ 10 m/s before to ∼
50 m/s after the ring reached the jet-tip. As noted earlier, the ring itself was observed
only after the bubble collapsed and its formation was delayed when there was a delay in
the bubble collapse. Therefore it is deemed likely that the bubble collapsed producing
a second faster jet which accelerated the `primary slow jet' and also led to the observed
ring. Impinging jets in head on impact have been reported to form a thin sheet of liquid
of elliptical shape [35, 36, 37] bordered by a thicker rim of liquid droplets. It appears
that an impact between the second jet and the `primary slow jet' results in a similar
liquid sheet which is circular in shape (due to the co-axial impact) and has a thick rim
of droplets. The present case diﬀers from the earlier studies in that both the impinging
jets are moving in the same direction and diﬀer in their velocity.
The sequences Fig. 4.4a-f also show that as the shock pressure increases, the ring tends
to lose its circular character and breaks up into a spray. This is because a larger bubble
formed at a higher shock pressure results in a stronger impact between the two jets upon
bubble collapse.
The likely sequence of events leading to the formation of the jet with the surrounding
ring like structure is summarized in Figure 4.6 and described as follows : When a holed
plate with a hole of a few micrometers in diameter is immersed in water, and subject
to a focused shock-wave, the interaction of the shock-wave with the holed plate leads
to nucleation of a cavitation bubble below the hole (Fig. 4.6a). As the bubble expands
while attached to the hole, it pushes and expels part of the liquid within the hole to
form a `primary slow jet' (Fig. 4.6b and c). The bubble subsequently collapses towards
the plate and a second faster jet is formed which moves through the hole (Fig. 4.6d).
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Figure 4.5: The variation of the jet-tip position, bubble radius and ring position with
time for the voltage settings of a) 3.25 kV and b) 4.00 kV are shown corresponding
to the cases shown in Figs. 4.4a and d. The jet-tip and ring positions are measured
with reference to the surface (air-side) of the plate. The primary jet-tip positions show
an increase in their slope after the second jet impacts the primary jet indicating the
acceleration of the jet due to the impact.
71
CHAPTER 4. IMPACTING JETS AT THE MICROMETER SCALE DUE TO
SHOCK-WAVE INTERACTION WITH A HOLE IN A PLATE
The fast moving second jet collides with the primary jet (Fig. 4.6e). In this collision
a thin sheet spreading radially from the jet axis is formed. Later the sheet fragments.
After fragmentation, only the ring of droplets bordering the rim can be distinguished.
(Fig. 4.6f). If the shock pressure is increased, a stronger jet impact results leading to an
unstable liquid sheet and fragmentation into a spray rather than the stable ring observed
at lower shock-pressure.
Figure 4.6: The mechanism behind the formation of the ring and jet structure is illus-
trated. a) The focused shock-wave interacts with the holed plate, leading to nucleation
of a cavitation bubble at the location of the hole. b) The cavitation bubble expands at
the bottom of the hole leading to part of the liquid present in the hole to emerge as a
`primary slow jet'. c) The bubble reaches its maximum size and the jet simultaneously
moves forward. d) The bubble collapses with a jet towards the boundary (plate) leading
to a second faster jet through the hole. e) The faster jet impacts co-axially with the
`primary slow jet' and leads to a thin sheet of liquid expanding radially from the jet axis
perpendicular to it. The sheet has a rim of droplets i.e the ring. f) The jet is accelerated
due to the impact and the sheet also begins to fragment as observed from the increasing
diameter of the ring of droplets (and a spray at higher pressure). A second cavitation
zone is also observed below the plate possibly due to reﬂected shock-waves.
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4.3.2 Further evidence to show the role of the bubble
The results described in Section 4.3.1 show the key role that the nucleation of the bubble
due to the shock-wave, and the bubble's expansion and collapse play in the formation of
impacting jets. The parameters that inﬂuence the formation of the bubble at the hole
due to the shock-wave interaction can therefore determine whether the impacting jets
are created or not. An experiment that gives evidence of the key role of the bubble is
now described.
A plate with two holes of ∼ 25 µm in diameter etched on its surface is used for the
experiment. The holes are located such that their centers are aligned parallel to one of
the edges of the square silicon plate. The center to center distance between the holes is
250 µm. The hole is tapered due to the laser-etch technique used. It has a diameter of
∼ 25 µm on the plate surface where the laser-etch was started which is also the polished
surface of the plate (Surface A). On the opposite unpolished surface of the plate (Surface
B), the hole has a diameter of ∼ 20 µm. The plate is ﬁrst placed with Surface A facing
the water. It is then subjected to the shock-wave from the lithotripter. The events on
the top and bottom of the plate are now recorded using the high-speed camera which
are shown in Fig. 4.7a. The plate is then inverted so that now Surface B faces the
water. The plate is again subject to the shock-wave and the camera is used to record
the occurences on the top and bottom of the plate. The results with this position of the
plate are shown in Fig. 4.7b.
In Fig. 4.7a, the bubble and jet form at the hole on the left of the plate. The bubble is
nucleated at t = 8 µs and the jet is also ﬁrst seen at the same time. The bubble collapses
at t = 14 µs and the ring can be seen soon after at t = 16 µs. Subsequently, a second
cavitation zone is observed below the plate while the jet with the ring continues to move
upward. The observations are similar to that shown in Fig. 4.4, except that in this case,
the jet and bubble are observed on only one of the two holes. It is not so clear why this
happens on only one of the holes. As will be shown later in Section 4.3.3, a plate with
two holes introduces complexity which is not yet fully understood.
In Fig. 4.7b, there is no bubble or jet which is seen at either of the holes. The two holes
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Figure 4.7: Further evidence of the importance of the bubble in driving the phenomenon
of jet impacts. The two sequences shown were recorded using a plate with two holes
positioned at the air-water interface. The holes have a center to center distance of 250
µm. The hole centers are aligned parallel to one of the edges of the square plate. Surface
A is the polished surface of the plate where the hole has a diameter of 25µm while Surface
B is the opposite (unpolished) surface of the plate with a hole diameter of 20µm. Figure
shows the occurences recorded on the top and bottom of the plate when (a) Surface A is
positioned facing the water and (b) Surface B is positioned facing the water (i.e. plate is
inverted). Note the absence of the jet and also the bubble in sequence (b). Plate surface
characteristics and hole geometry play a key role in the nucleation of the bubble. The
numbers at the bottom of each frame indicate the time in µs. The position of the plate
is indicated by a white line in the ﬁrst frame of each sequence (top and bottom).
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can be distinguished by two dark dots on the top of the plate. It is to be noted that
two parameters change when the plate is inverted - the hole size due to the taper in the
plate, and the surface properties (polished vs. unpolished). From Fig. 4.7, the following
can be deduced
• The bubble is necessary for the jet and ring to form, and
• The conditions for the bubble formation depends on the parameters associated
with the plate such as its surface characteristics and the hole geometry.
Figure 4.7 thus gives further evidence of how the bubble is the key driver behind the
observed phenomenon of impacting jets leading to a ring and spray.
The speciﬁc ways in which the surface characteristics and the hole geometry aﬀect the
bubble nucleation is a topic of study in itself and could form part of a future research
work. On the other hand, given that a bubble is somehow created, probably using a
method which is independent of the plate characteristics (such as using a laser or a low-
voltage spark), the eﬀect of parameters such as the hole geometry (i.e. radius, aspect
ratio etc.) could be studied. In Chapter 5, a set of experiments which make use of this
idea are presented where the bubble is created using a low-voltage spark near a larger
plate with a hole and the eﬀect of the hole geometry is also evaluated.
4.3.3 Preliminary results using a plate with two holes
Based on the results described in the earlier sections, it was decided to study the jets
when a plate with multiple holes are used. In this Section, some preliminary results of
the jets observed when a plate with two holes is used are described. The geometrical
parameters of the plate are as described in Section 4.3.2. The results here show that a
variety of jet-types of a few micrometers in diameter can be obtained using the above
described method of a shock-wave interaction with a plate with hole. The experimental
set-up and procedure is similar to that for a plate with a single hole. In this case, though,
the plate with one hole is replaced by the plate with two holes, which are aligned such
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that the focus of the lithotripter is at the center of the plate on the line joining the two
holes. The voltage of the shock-wave lithotripter was set to 3.50 kV. The frame rate of
the camera was set to 360,000 fps.
Figure 4.8 shows four diﬀerent jet types in sequences (a-d) that are observed in these
experiments. The jets are classiﬁed based on the diﬀerences in their velocities and break-
up characteristics. The salient features of each of the jet types are brieﬂy described now.
Sequence 4.8a shows the Type 1 jet with an umbrella like spray structure that leads to
jet break-up. At t = 8 µs two jets are seen on each of the holes. By t = 14 µs, the
jet on the right separates from the plate. At t = 16 µs, there is a fast jet in the form
of an umbrella type spray that emerges from the hole on the left. The jet impacts the
initial slower jet, and by t = 19 µs, the jet tip has moved out of view indicating that an
acceleration was imparted to the jet-tip by the faster second jet. Based on the images,
the lower bound of the jet-tip velocity after the impact is estimated to be ∼ 80 m/s from
t = 14 to 19 µs.
Sequence 4.8b shows the Type 2 jet. This jet is similar to the jets shown in Fig. 4.4
using a single holed plate. A slow initial jet emerges at t = 5 µs from the hole on the
left. Subsequently, a ring is observed perpendicular to the upward moving jet at t = 14
µs. From t = 14 to 30 µs, the ring expands. Later the jet separates from the hole. The
mechanism of this jet is likely to be the same as that described in Section 4.3.1.
Sequence 4.8c shows a third type of jet which is characterized by a thin jet followed by
a thicker column of liquid. At t = 5 µs, a jet ﬁrst emerges from the hole on the left. By
t = 8 µs, the jet on the left moves upward and two portions can be distinguished, an
initial thin portion followed by a thicker dark column. The hole on the right also shows
a similar type of jet, as seen from the images at later times. The jet velocity of the thin
jet through the hole on the left is estimated to be ∼ 117 m/s between the times t = 5
to 8 µs. No break-up of the jet into a spray or a ring like structure is observed here.
In sequence 4.8d, a fourth type of jet is observed. The jet here is a slow jet which breaks
up into droplets. A jet emerges from each of the two holes at t = 5 µs. Subsequently, by
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t = 28 µs, the jet on the left shows a droplet separating out. The jet completely breaks
up into droplets by t = 69 µs. The velocity of the jet is calculated to be 7.8 m/s before
break-up . After the break-up, the velocity of the ﬁrst droplet is calculated to be around
the same value of 7.4 m/s.
The exact mechanism leading to each of the diﬀerent jets is not yet fully understood and
would require further study. A point to note from these preliminary experiments, is the
formation of jets with velocity around 100 m/s in two of the cases (Type 1 and Type 3
jets). An understanding of the necessary conditions and the mechanism leading to such
jets would be useful for potential applications.
Figure 4.8: The four types of jets observed in experiments using a plate with two holes
are shown in sequences a-d. a) Type 1 jet - a ﬁrst jet followed by a second faster jet
leading to an umbrella like spray structure b) Type 2 - a ﬁrst jet followed by a second
jet leading to an expanding liquid ring surrounding the main jet, c) Type 3 - a thin fast
jet followed by a thicker column of liquid and, d) Type 4 - a slow jet breaking up into
droplets. The number indicated at the top of each frame is the time in µs. The scale bar
shown corresponds to 100 µm. The white line at the bottom of the ﬁrst frame indicates
the location of the plate.
4.4 Conclusions
In this Chapter, the phenomenon of jet impact between two jets formed through a hole
of a few micrometers diameter in a plate at an air-water interface is described. The
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approach used was experimental and the phenomenon was recorded using a high-speed
camera. The observed formation of a liquid sheet with a rim of droplets upon jet impact
is similar to previously reported results on impinging jets [35, 36, 37], but now at a much
smaller length scale. The plate is situated at an air-water interface and subjected to a
focused shock-wave from a lithotripter. This leads to nucleation of a cavitation bubble
below the hole in the plate. The entire phenomenon of impinging jets is driven by the
formation, expansion and subsequent collapse of this cavitation bubble. The nucleation
of the bubble occurs due to the reﬂection of the shock-wave at the free surface through
the holed plate. The bubble expansion leads to a `primary slow jet' and the subsequent
collapse to a faster second jet, both moving through the hole. The collision between
the two jets moving at diﬀerent velocities leads to an acceleration of the jet-tip. A
thin sheet of liquid with a ring of droplets forming its rim is also formed in a plane
perpendicular to the jets. The sheet later breaks up into a spray. The results suggest a
method that could be used to create a high-speed jet of ﬂuid on demand, with potential
application to biomedicine, such as transdermal drug delivery through liquid jet injectors,
or atomization of liquid jets into sprays.
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Chapter 5
Impacting jets at the millimeter
scale due to a spark induced bubble
5.1 Introduction
In Chapter 4, the phenomenon of formation of two impacting jets leading to a circular
sheet of liquid with a rim of droplets at the micrometer length scale was presented using
high-speed image sequences. The key drivers of the impacting jets were found to be
1. The shock-wave's interaction with the air-water interface through the hole in a
plate which nucleates a bubble at the hole, and
2. The ability of the bubble to actuate ﬂow through the hole during both its expansion
and collapse cycles.
However, the mechanism within the hole leading to the jet impact could not be visualized.
Also the evolution of the bubble and jet with time were recorded separately and the
mechanism of jet-impact was deduced by correlating the times of the image sequences.
This was justiﬁed by the repeatability of the bubble and jet formation.
The study described in this Chapter is motivated by two questions arising from the
phenomenon described in Chapter 4
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1. To ascertain if the formation of impacting jets using a bubble could be replicated
at a much larger length scale (millimeter), and
2. More importantly, to gain a deeper insight into the mechanism and dynamics within
the hole.
It is shown here that by a scaling-up of the bubble and hole geometry to a millimeter
length scale, the phenomenon of impacting jets driven by a cavitation bubble can still
be realized. A Perspex plate (80 mm × 80 mm) with a thickness of 12 mm and a hole at
its centre was placed at the water surface, and a bubble was created using a low-voltage
electrical spark below the plate. The Perspex plate is transparent and so the dynamics
within the hole can be observed. The larger scale leads to slower dynamics and thus
it is easier to observe with a high-speed camera. A high-speed video camera is used to
record both the bubble and the jet together and the dynamics within the hole. The
observations conﬁrm and elaborate on the mechanism of the jet and spray formation
which was deduced in Chapter 4.
The experiments described in this Chapter diﬀer from the experiments in Chapter 4 in
two ways - the mechanism to create the bubble and the length scales. In Chapter 4, the
nucleation of the bubble was a consequence of the interaction of the shock wave with
the free surface through the hole. The nucleation of the bubble was dependent on the
plate characteristics and hole geometry as shown in Section 4.3.2. In the experiments
described in this Chapter, the bubble is created using a low-voltage electrical spark.
Thus the bubble's formation is independent of the plate and hole characteristics. A
parametric study is also conducted which shows the variation of the jet characteristics
with a) the hole geometry i.e. hole radius, plate thickness and the straight or tapered
nature of the hole in the plate, and b) the position of the water-air interface with respect
to the plate.
The Chapter is organized as follows. In Section 5.2, the experimental set-up used in this
study is described. The set-up is similar to that used for the experiments in Chapter
3. The details of the parameter variation for the parametric study are also presented.
In Section 5.3, a representative case study is ﬁrst presented and using high-speed video
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images, the sequence of events leading to the jet and spray formation is described. The
case study clearly shows the role of the bubble in the evolution of the jets and the
mechanism behind the jets. Subsequently, results illustrating the eﬀect of varying the
diﬀerent parameters are shown through image sequences and the results are discussed.
The concluding remarks are presented in Section 5.4.
5.2 Experimental description
The schematic of the experimental set-up is shown in Figure 5.1. The set-up consists
of a tank to hold the liquid, an electrical circuit to create the spark bubble, a Perspex
plate with a hole through which the jets are observed, a custom built stand to keep the
plate ﬁxed in position and a high-speed camera and illumination system to record the
phenomenon.
Figure 5.1: Schematic of the experimental set-up. The bubble related dimensions are
indicated in the rectangular box on the right. Here Rm is the maximum radius of the
bubble, Rh is the radius of the hole in the plate, H is the distance between the center of
the bubble and the bottom of the plate. The thickness of the plate is denoted by L.
The tank used is made of Perspex with dimensions of 160 mm × 160 mm × 160 mm.
The electrical circuit to create the spark-bubble consists of a 1 kΩ resistor in series with
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a capacitor of 4700 µF, a two way switch, and a pair of thin copper wires (∼ 0.1 mm
diameter) which are used as electrodes. The electrodes are crossed and placed in contact
with each other and immersed in the liquid. The plates used had dimensions of 80 mm
× 80 mm with a thickness of 2, 5 or 12 mm. The plate is aligned such that the hole
at its center is exactly above the crossing point of the wires (or bubble-center). Water
was then added such that the top-face of the plate is situated on the air-water interface
with air on top and water below. In order to keep the plate stable during the course of
the experiment, it is secured with screws at its corners to a customized stand made of
four aluminium cylinders. The setup here diﬀers from the setup described in Chapter 3
in the dimensions of the the tank and plates. Further, the plate is positioned in these
experiments at the water-air interface rather than being submerged in the liquid.
The experimental procedure is described as follows. The capacitor is ﬁrst charged to
∼ 55 V with the resistor in the circuit and then short-circuited through the electrodes
using the two-way switch. A spark is thus produced and a bubble comprising of gaseous
products from the spark discharge and liquid vapor is formed. The distance between
the bubble-center and the bottom of the plate H is adjusted prior to the sparking such
that H/Rm is less than 1, where Rm is the maximum bubble radius. H
′(=H/Rm)
denotes the non-dimensional bubble center to plate distance and H ′ < 1 ensures that
the bubble is in contact with the plate during its expansion cycle. A high speed camera
operated at 30000 frames per second (Photron Fastcam - SA1.1 color) was used to
record the bubble and jets. In the experiments both the bubble and the jet are recorded
simultaneously which gives clear evidence of the sequence of events leading to the sprays
and jet impact. The set-up was illuminated using a high-power lamp (ARRI, ARRISUN,
Max. power 525W) by a diﬀused back lighting method. The experiments require careful
alignment of the tank, the camera, and the plate such that they are always aligned
exactly parallel or perpendicular to each other as the case may be. Slight deviations
can lead to misalignment of the bubble and the jet in the recorded images. The images
were calibrated using a ruler which is imaged at the focal point of the camera. After
the recording, image processing operations (conversion to grayscale image, background
subtraction and contrast enhancement) were done on the images using software ImageJ.
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The images give a clear idea of the phenomenon occuring within the hole.
5.2.1 Parametric study
The parameters that are expected to aﬀect the jet characteristics were ﬁrst identiﬁed as
- the hole radius Rh, the bubble maximum radius Rm, the distance of the bubble from
the bottom of the plate H and the plate thickness L. These parameters are indicated
on the top right in Figure 5.1. In the present experiments, the bubble maximum radius
Rm varied within a range of ∼ 3.5 to ∼ 5.5 mm. In the spark-discharge method to
create the bubble there is not much control over the exact bubble size. So, a systematic
study of the variation of the jet characteristics with Rm was not attempted. The bubble
center to plate distance H was chosen such that H ′ < 1 to ensure that the bubble
will expand against the hole during its expansion cycle. Thus only the two parameters
related to the plate are varied. The ﬁrst parameter is the plate thickness L. Plates of
three diﬀerent thicknesses L = 2 mm, 5 mm and 12 mm were used to study the eﬀect of
plate thickness. For all three plates, the hole radius was kept ﬁxed at Rh = 1 mm. The
plate thicknesses were chosen such that they correspond approximately to 0.5, 1 and 2
times the maximum bubble radius expected which is ∼ 5 mm and also accounting for the
availability of Perspex material of that thickness. The second parameter that is varied
is the radius of the hole Rh. In this case, the plate thickness was ﬁxed at L = 12 mm
for all the plates used. Seven diﬀerent plates with hole radii of Rh = 0.5 mm, 1 mm, 3
mm, 6 mm, 7.5 mm, 9 mm and 12 mm were chosen for this parametric study. The hole
sizes were chosen to have an aspect ratio varying over a range from 12:1 to 1:2.
The formation of the impacting jets depends on the presence of liquid within the hole
during the bubble expansion and collapse. Therefore the position of the air-water inter-
face and the level of water within the hole is expected to aﬀect the jet characteristics
and a study of the eﬀect of water-level was also carried out. Four diﬀerent positions of
the water-air interface relative to the plate were studied. They are
1. The plate is positioned with its top-face coinciding with the water level, with air
on top of the plate and water below.
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2. The plate is completely submerged with a 0.5 mm thick layer of water on top of
the plate.
3. The plate is submerged half-way through its thickness.
4. The bottom of the plate is situated just above the water level, and in contact with
it.
The plate used in these experiments had Rh = 0.5 mm and a thickness L = 12 mm.
Finally, the eﬀect of having a slight taper in the hole on the jetting characteristics is
also studied. In Chapter 4, the hole within the silicon plate had a taper with a hole
diameter varying from 25 µm to 20 µm over the thickness of the silicon plate i.e L=
500 µm. We have also seen through Figure 4.7 that upon inversion of the plate, the
bubble and consequently the jet failed to form. Two parameters had changed when the
plate was inverted - a) The hole diameter due to the tapered hole and b) the surface
roughness (whether the side facing the water is polished or unpolished). In the present
experiments, the bubble formation was independent of the characteristics of the plate
and the hole. Thus by using a plate with a tapered hole, the eﬀect of the taper alone
on the jet characteristics could be studied. The role of the taper was studied by using a
plate with a tapered hole, creating a bubble below it, and observing the jets when the
plate is positioned with one face facing the bubble and then repeating the experiment
with the plate inverted. For this parametric study, a plate of thickness L = 12 mm with
a hole size varying from Rh = 1.2 mm to 1.0 mm over the thickness of the plate in a
uniform taper was used.
5.3 Results and Discussion
5.3.1 Impacting jets through a cylindrical hole
Figures 5.2 and 5.3 show the phenomenon of jet impacts driven by an oscillating and col-
lapsing bubble. The sequence of events is ﬁrst described using Figure 5.2. Subsequently,
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we focus on the dynamics within the hole in Figure 5.3 which shows the same sequence
of images as Figure 5.2 but with the background subtracted from the images to get a
clearer idea of the phenomenon occuring within the hole.
Figure 5.2: The sequence of events and the mechanism within the hole leading to the
formation of two impacting jets and the resultant spray due to the oscillating bubble
near a holed plate. The time (in ms) is indicated at the bottom of each frame. The plate
has a thickness of L = 12 mm and a hole of radius Rh = 0.5 mm. Note the formation
of an initial `primary jet' as the bubble expands into the hole (t = 0.53 and 0.97 ms)
and a tapering down of its bottom portion and the formation of an `air-gap' at the top
of the hole as the bubble shrinks (t = 1.27, 1.70 and 1.73 ms). The bubble collapse and
rebound leads to a perturbation propagating upwards through the hole between t = 1.73
to 1.87 ms when the activity is mainly within the hole (see Fig. 5.3 for a clearer picture).
The jetting induced in the collapsed bubble leads to pumping of ﬂuid through the hole.
First, the liquid present in the hole is pushed against the air-gap and it comes out of
the hole as a `spray jet' (t = 2.13 ms). Later, further liquid is pumped by the bubble
and comes out as a thicker continuous `secondary jet' (t = 3.50 ms to 5.80 ms) which is
distinct from the `primary jet' and the `spray jet'. The scale bar corresponds to a length
of 2 mm. The maximum radius of the bubble obtained is Rm = 6.3 mm
In Figure 5.2, time t = 0.00 ms shows the instant when the spark below the plate with
the hole is ﬁrst observed and the bubble starts expanding. As the bubble expands part
of the bubble moves into the hole as seen at times t = 0.53 and 0.97 ms. The presence
of the bubble within the hole is noted as a dark vertical line at the bottom of the hole
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in the corresponding frames in Figure 5.3. The expanding bubble pushes some of the
liquid within the hole which is ejected from the other side of the hole as a `primary jet'.
The `primary jet' is ﬁrst observed on top of the plate at time t = 0.53 ms. When the
bubble expands, this jet moves upward till t = 0.97 ms. The velocity of this `primary
jet' is calculated to be 3.5 m/s between t = 0.53 ms to 1.70 ms. The bubble reaches its
maximum size of Rm = 6.3 mm at t = 0.97 ms and then shrinks reaching a minimum
volume and collapsing at t = 1.73 ms. As the bubble starts to shrink, the bubble pulls
the liquid in the hole towards the bottom of the hole (due to back-ﬂow) and consequently
the bottom part of the `primary jet' starts to taper down and the jet acquires a conical
shape with a broader top (t = 1.27 ms). The shrinkage of the bubble and the back-
ﬂow results in the formation of an air gap in the hole below the tapered portion of the
primary jet, as seen at t = 1.70 ms. Between t = 1.73 ms and t = 1.87 ms, the activity
is mainly within the hole which is described in the next paragraph. During the period
from t = 1.87 to 3.50 ms, the collapsed bubble pumps liquid through the hole due to
the jetting induced upon collapse. This pumping leads to ﬁrst a `spray jet' and then a
`secondary jet'. At t = 2.13 ms, a spray of liquid (`spray jet') is ﬁrst seen on top of the
plate. When this `spray jet' reaches the top portion of the `primary jet', it accelerates
the `primary jet' (t = 2.53 to 3.50 ms). The vertical velocity of the spray jet is higher
than that of the primary jet and calculated to be around 25 m/s. The original `primary
jet' also subsequently breaks up into ﬁne droplets as seen at times t = 3.50 to 4.13 ms.
Between t = 3.50 ms and t = 5.80 ms, a thicker jet termed as the `secondary jet' can be
observed on top of the hole. This jet can be clearly distiguished from the `primary jet'
and the `spray jet' in the frames at t = 4.13 to 5.80 ms.
In Figure 5.3, the ﬁrst frame (t = 0.00 ms) shows the location of the hole (dotted
black vertical lines) and the plate (solid black horizontal lines). We use this sequence
of images primarily to describe the activity within the hole between t = 1.70 to 1.87
ms. The bubble's movement into the hole during its expansion phase is clearly seen at
t = 0.53, 0.97 and 1.27 ms in the form of a dark vertical line at the bottom of the hole.
At t = 1.70 ms, the air-gap formed in the hole due to back-ﬂow can also be observed.
In the next two frames at 1.73 and 1.77 ms, respectively, the bubble collapses and a
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Figure 5.3: The images of the sequence of Fig. 5.2 are shown (with background sub-
tracted) to get a clear idea of the mechanism within the hole. The bubble expands into
the hole as seen by a dark vertical line at the bottom of the hole (t = 0.53 and 0.97 ms).
As the bubble shrinks (t = 1.27 and 1.70 ms), it leads to a back-ﬂow in the hole and
an `air-gap' is formed near the top of the hole (t = 1.70 ms). The bubble collapses at
t = 1.73 ms, and it leads to a perturbation propagating through the hole which is seen
as a faint dark vertical line within the hole at t = 1.73 ms and then as alternating dark
(air) and grey (liquid) areas within the hole from t = 1.73 to 1.87 ms. The collapsed
bubble pumps liquid and possibly remnants of the bubble into the hole due to jetting
induced upon collapse. This pumped liquid is seen as a dark line moving forward at the
bottom of the hole from t = 1.87 ms onwards. The pumping induced by the jet also
pushes the liquid originally present within the hole. This liquid in the hole interacts
with the `air-gap' and emerges in the form of a `spray jet' at t = 2.13 ms. The `spray
jet' leads to break-up of the `primary jet'(t = 3.50, 3.80 and 4.13 ms). Later, the ﬂuid
pumped through the hole by the bubble is seen in the form of a continuous `secondary
jet' through the hole from t = 1.87 ms to 5.80 ms which can be seen at the top of the
hole at t = 3.50 ms. The scale bar corresponds to a length of 2 mm.
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disturbance can be seen propagating through the hole as noted by a faint dark vertical
line through the hole and subsequently seen in the form of alternating dark (air pocket)
and grey (water) gaps within the hole. The collapsed bubble also pumps liquid through
the hole due to the jetting induced by bubble collapse. The pumped liquid leads to
ﬁrst a `spray jet' and next a `secondary jet' as described previously. From t = 1.87 ms
onwards, the continuous thicker `secondary jet' can be observed in the hole in the form
of a dark line through the hole with an upward moving tip. The images also show the
continuous nature of the liquid being pumped.
Based on the above sequences, the mechanism leading to the formation of the spray is
summarized as follows. A bubble expanding in close proximity H ′ < 1 to a plate with
a hole situated at an air-water interface, pushes part of the liquid within the hole to
emerge as a `primary jet' on the other side of the hole. The `primary jet' continues to
move upward as the bubble expands and reaches its maximum size. The bubble then
begins to shrink leading to a back-ﬂow within the hole. Consequently, although the
`primary jet' continues to translate upward, it acquires a conical shape with a narrower
bottom and a broader top portion. By the time the bubble reaches its minimum volume,
the back ﬂow results in an `air-gap' at the top of the hole just below the bottom (now
narrowed down) portion of the `primary jet'. The bubble then collapses leading to a
perturbation which travels as a disturbance within the hole. The bubble collapse also
leads to pumping of ﬂuid through the hole. The pumping of the ﬂuid results in two
eﬀects. Firstly, it causes the remaining liquid within the hole to be accelerated. As
this liquid pushes against the `air-gap', it breaks up and emerges out of the hole in the
form of a `spray jet' which is faster compared to the `primary jet'. When the `spray jet'
reaches the top portion of the `primary jet' it accelerates the jet tip and also aids in its
break-up into ﬁne droplets. Secondly, the ﬂuid which is pumped through the hole by
the collapsed bubble emerges as a thicker continuous jet of liquid on top of the hole as
a `secondary jet'.
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5.3.2 Eﬀect of plate thickness L on jet and bubble characteristics
Figure 5.4a to 5.4c shows the eﬀect of varying the plate thickness L on the characteristics
of the jet and the bubble. The thickness of the plate used is L = 2 mm, 5 mm and 12
mm respectively for Figures 5.4a, b, and c. The plate used had a hole of radius Rh =
1 mm in all three cases. The position of the plate (solid white horizontal lines) and the
hole (dotted white vertical lines) are shown in the ﬁrst frame of each sequence (t = 0.00
ms) when the spark is ﬁrst observed. The water level within the hole in all the cases is
coincident with the top face of the plate.
In Figure 5.4a, the bubble and the `primary jet' due to the expanding bubble are shown
at t = 0.23 ms. The bottom of the `primary jet' starts to narrow and the jet assumes
an umbrella shape between t = 0.23 to 1.53 ms. The velocity of the jet is calculated to
be 6.9 m/s. In this case due to the small thickness of the plate, the bubble pushes out
the entire ﬂuid within the hole during its expansion to a maximum radius of Rm = 3.9
mm. Consequently, as the jet moves away, for example at t = 0.80 ms, the bubble is
vented to the outside air and air ﬁlls the bubble. The subsequent bubble dynamics is
much diﬀerent from an oscillating non-equilibrium bubble in liquid. The bubble starts
to split in the middle (t = 1.20 to 9.40 ms) but eventually the splitting is not successful
and the bottom portion of the bubble merges with the top portion as seen at t = 16.23
ms. No `spray jet' or a `secondary jet' is observed in this case.
When a plate of intermediate thickness L = 5 mm is used (Fig. 5.4b), the bubble expands
to its maximum radius of Rm = 5.3 mm by t = 0.73 ms. A `primary jet' with a narrower
base and an umbrella like top is seen at this time. In Figure 5.2, the bottom of the
jet was observed to narrow down due to back-ﬂow during bubble shrinkage. A similar
observation is made here from t = 0.73 ms to t = 1.43 ms. At t = 1.43 ms, the bubble
collapses. The velocity of the `primary jet' is calculated to be 3.9 m/s. An interesting
phenomenon is observed as the bubble collapses - the bubble splits into two with the
top portion leading to a perturbation and `spray jet' through the hole (t = 1.53 to 1.67
ms) while the bottom portion moves in the opposite direction away from the plate. At
t = 1.93 ms and t = 2.37 ms, the thicker `secondary jet' following the `spray jet' is also
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Figure 5.4: The eﬀect of varying the plate thickness on the characteristics of the jet and
the bubble at the bottom is shown. The plates used here have thicknesses of a) L =
2 mm, b) L = 5 mm and c) L = 12 mm. The hole radius is Rh = 1.0 mm in all the
plates. For Case a) note the total ejection of the liquid in the hole due to the bubble
expansion (t = 0.80 ms). The subsequent bubble dynamics are diﬀerent from that of a
submerged non-equilibrium bubble. The maximum bubble radius is Rm = 3.9 mm. In
Case b) the bubble splits into two upon collapse. The jet characteristics are similar to
that of Fig. 5.2 but driven by the top half of the split bubble. The bottom portion of
the split bubble moves away from the plate. The maximum bubble radius Rm = 5.3 mm
in this case. In Case c), both the jet and bubble characteristics are similar to that in
Fig. 5.2. Both the `primary' and `secondary' jets are thicker here due to the larger hole
radius used as compared to Fig. 5.2. The bubble reaches a maximum radius Rm = 5.1
mm. The scale bar corresponds to a length of 2 mm.
90
CHAPTER 5. IMPACTING JETS AT THE MILLIMETER SCALE DUE TO A
SPARK INDUCED BUBBLE
observed. The phenomenon on top of the plate is quite similar to that in Figure 5.2. In
this case though, the `primary jet' has a distinct umbrella shaped top and the `spray jet'
appears to impact against the `primary jet' but does not change its character much as
seen from the images at t = 1.67, 1.93 and 2.37 ms.
Figure 5.4c shows the bubble near a plate of thickness L = 12 mm. The bubble reaches
its maximum radius of Rm = 5.1 mm at t = 0.80 ms and its minimum volume at t = 1.37
ms. A `primary jet' is seen to emerge on top of the plate from t = 0.80 ms to 1.37 ms at a
velocity of 1.6 m/s. As the bubble collapses (t = 1.53 ms), a `spray jet' is seen to emerge
and impact with the `primary jet'. The `spray jet' also accelerates the jet tip as well as
leads to its break-up (t = 1.53 to 3.80 ms). The velocity of the jet-tip after the impact
of the `spray jet' is calculated to be 8.7 m/s. Subsequently a thicker `secondary jet' is
observed (t= 3.07 and 3.80 ms) following the `spray jet'. The phenomenon observed is
very similar to that observed in Figure 5.2 except that in this case, a larger hole is used
(Rh = 1 mm).
Thus, the plate thickness does have an eﬀect on the jet characteristics. The results show
that formation of the impacting jets requires that the plate should be thick enough so
that the bubble does not vent to the atmosphere as it expands. In this case, the bubble
is fully vented when L = 2 mm which is the smallest thickness used.
5.3.3 Eﬀect of a tapered hole on the jet characteristics
In the earlier Chapter 4, the silicon plate that was used had a tapered hole ranging
from a diameter of 25 µm to 20 µm over a thickness of 500 µm (a taper of 1/100).
Again, in Figure 4.7, it was shown that both the taper in the hole and the surface
characteristics determined the nucleation of the bubble and the subsequent formation of
the impacting jets. However, the eﬀect of the taper on the jet characteristics alone could
not be studied because the nucleation of the bubble itself depended on the plate. In the
present experiments, the bubble formation was independent of the plate characteristics
by using a low-voltage electrical spark. Thus, a study of the eﬀect of a slight taper in
the hole on the jet characteristics was attempted. For this purpose, a plate with a hole
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diameter varying from 1.2 mm to 1.0 mm over a plate thickness of 12 mm (a taper of
1/60) was used.
In Figure 5.5, the eﬀect of using a tapered hole is presented. In Figure 5.5a, the plate is
positioned with the smaller hole Rhs = 1.0 mm, facing the water and the larger hole Rhl
= 1.2 mm at the air-water interface. In Figure 5.5b, the same experiment is repeated
with the plate inverted i.e the smaller hole is now at the air-water interface. The location
of the hole and the plate is indicated in the ﬁrst frame in both sequences. The water
level in both the cases was coincident with the top face of the plate. The plate had a
thickness of L = 12 mm. The bubble had a similar maximum radius in both cases (Rm =
4.8 mm for Fig. 5.5a, and Rm = 5.7 mm for Fig. 5.5b), and the time evolution of the jet
is shown with nearly corresponding events in both sequences such as maximum bubble
size (t = 0.77 and 0.87 respectively in Figs. 5.5a and 5.5b) and so forth. It is noted
that there is not much diﬀerence in the jet characteristics and its evolution due to the
taper. The characteristics are also similar to that observed using a straight cylindrical
hole (Figure 5.2). The results indicate that a slight taper in the hole does not have much
eﬀect on the jet characteristics.
5.3.4 Eﬀect of water level on the jet characteristics
Next we investigated if the location of the air-water interface with respect to the plate
plays a role in the jet characteristics. In all the cases described till now (Figs. 5.2 to 5.5),
the water level was coincident with the top face of the plate. In this parametric study,
three diﬀerent cases were studied as shown in Figs. 5.6a to 5.6c with - a) the water level
is located 0.5 mm above the plate - i.e the plate is fully submerged, b) the water level
is located approximatedly half-way through the thickness of the plate, and c) the water
level is located just below the plate and touching it. The ﬁrst frame in each sequence
shows the positions of the plate (horizontal solid lines), the hole (vertical dotted lines)
and the water level (horizontal dash-dotted line). The ﬁrst frame (t = 0.00) is taken at
the time when the spark is ﬁrst observed.
In sequence 5.6a, the bubble expands to its maximum radius of Rm = 5.6 mm by time
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Figure 5.5: The eﬀect of using a tapered hole in place of a cylindrical straight hole on the
jet characteristics is shown. The plate used has a tapered circular hole with Rhs = 1.0
mm as the radius of the smaller end and Rhl = 1.2 mm as the radius of the larger end.
In a) the plate is positioned with the Rhl at the air-water interface (on top) and in b) the
smaller hole Rhs is at the air-water interface (on top). The corresponding images from
both sequences are chosen to correspond to bubble formation at t = 0.00 ms , maximum
bubble size at t = 0.77 ms (5.5a) and 0.87 ms (5.5b), bubble collapse at t = 1.27 ms
(5.5a) and 1.50 ms (5.5b), the ﬁrst appearance of the `spray jet' on top at t = 1.67 ms
(5.5a) and 1.87 ms (5.5b), and ﬁnally four frames to show the subsequent evolution of
the jet and spray from t = 2.10 to 3.70 ms (5.5a) and t = 2.07 to 3.30 ms (5.5b). The
character of the jet in both cases is similar indicating that a slight taper does not greatly
aﬀect the jet characteristics. The plate used has a thickness of L = 12 mm. Water is
ﬁlled upto the top of the plate. The scale bar corresponds to a length of 2 mm.
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Figure 5.6: Figure shows the eﬀect of varying the water level with respect to the plate
on the jet characteristics (a-c). The plate used had a thickness of L = 12 mm and hole
radius of Rh = 0.5 mm. The water level is indicated with a dotted dashed horizontal line
- a) Plate just submerged, b) Plate half-submerged, and c) Plate just above the water
surface. Note the absence of the `primary jet' due to bubble expansion in Fig. 5.6a. The
maximum radius of the bubble was Rm = 5.6 mm. In Fig. 5.6b, the sequence of events
is similar to that in Fig. 5.2. The maximum bubble radius attained was Rm = 5.7 mm.
In case 5.6c, the bubble expansion pushes some liquid into the hole and causes it to come
out as a `primary jet' (t = 0.77, 1.43 and 1.53 ms). A prominent `spray jet' could not be
distinguished upon bubble collapse because of the limited amount of ﬂuid present within
the hole. However, a small amount of ﬂuid is subsequently pumped through the hole
by the jet induced by the collapsed bubble (the `secondary jet'). This can be seen as a
faint vertical line at the bottom of the hole at t = 4.13 ms. The maximum bubble radius
obtained was Rm = 5.0 mm. The scale bar corresponds to a length of 2 mm.
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t = 1.20 ms and collapses to its minimum by t = 1.87 ms. During this expansion and
collapse cycle of the bubble, the bubble expands into the hole (t= 1.20 ms) but there is
no distinguishable `primary jet' observed on top of the plate pushed by the expanding
bubble. This is diﬀerent from the case in Figure 5.2 when the water level was co-planar
with the top of the plate. It is possible that the liquid pushed by the expanding bubble in
the form of a `primary jet' is diﬀused into the surrounding thin liquid layer on top of the
plate. On the collapse of the bubble, a perturbation can be observed to propagate within
the hole (t = 2.10 ms). As the collapsed bubble subsequently pumps liquid through the
hole, a jet is seen to emerge on top of the liquid surface into air from t = 2.50 ms to 5.47
ms. There appear to be two distinct portions of the jet. The initial portion from t = 2.10
ms and 2.50 ms appears to correspond to the originally present liquid within the hole
(the equivalent of the `spray jet'). The later portion of the jet due to the pumping by the
collapsed bubble is observed from t = 2.97 to 5.47 ms (the equivalent of the `secondary
jet'). There is no prominent breakup into a spray possibly because of the absence of a
clear `primary jet'.
Sequence 5.6b shows the bubble near a plate with the water-level mid-way through the
thickness of the plate. As the bubble expands to its maximum radius of Rm = 5.7 mm
(t = 0.90 ms) and collapses to a minimum (t = 1.67 ms), a `primary jet' ﬁrst emerges.
The jet then narrows at its bottom even as the jet-tip moves forward. An air-gap is also
formed due to the shrinkage of the bubble and the resultant back-ﬂow. A perturbation
can be seen propagating upwards within the hole at t = 1.73 ms. The `spray jet' and the
breakup of the `primary jet' due to the impact by the spray jet can be seen clearly at t
= 2.00 ms. The subsequent evolution of the impacting jets can be seen from t = 2.00 to
t = 5.17 ms. During this period, the continuous `secondary jet' due to pumping in the
hole by the collapsed bubble is also noted. The phenomenon observed is very similar to
that in Figure 5.2.
Sequence 5.6c depicts the situation where the water level coincides with the bottom of
the plate. The bubble expands to its maximum radius of Rm = 5.0 mm by t = 0.77 ms. A
faint semblance of a jet is seen on top of the plate at this time. After the bubble collapses
to a minimum (t = 1.37 ms), a perturbation propagating upwards can be observed in
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the hole. This is noted from the alternating movement of air and liquid between t = 1.43
to 1.53 ms. There is also a faint spray observed on top of the plate at t = 1.97 ms. By
t = 4.13 ms, a faint dark vertical line can be observed moving forward at the bottom of
the hole which is likely to be a `secondary jet'. It appears that because of the absence of
liquid within the hole at the beginning, all the three jets (primary, spray and secondary)
are only faintly observable.
5.3.5 Eﬀect of hole radius Rh on the jet characteristics
Finally, we present the eﬀect of varying the radius of the hole in the plate Rh on the jet
characteristics. Here we present six image sequences in Figs. 5.7 with hole radii of Rh
= 2.0, 3.0, 6.0, 7.5, 9.0 and 12.0 mm. All the plates had a thickness of L = 12 mm. In
the ﬁrst frame in each sequence, the position of the plate (solid black lines) and the hole
(dotted black lines) are indicated. The water level was coincident with the top face of
the plate in all cases. It should be noted here that in Fig. 5.2, and Fig. 5.4c two other
hole radii of Rh = 0.5 mm and 1.0 mm have already been discussed. The characteristics
of the jet and the mechanism observed in these two cases is very similar and has already
been described.
Figure 5.7a shows the jetting through a plate with a hole of radius Rh = 2.0 mm driven
by the bubble. The bubble is created at t = 0.00 ms and reaches its maximum radius of
Rm = 4.1 mm by t = 0.77 ms. A faint jet is also seen on top of the plate at this time.
The bubble shrinks to its minimum volume by t = 1.43 ms and at this time, the jet on
top can be clearly seen. The air-gap within the hole due to back-ﬂow is also observed
similar to that explained in earlier cases (for example, Fig. 5.2). At t = 1.47 ms, the
bubble collapses and a disturbance can be seen propagating upwards through the hole.
A `spray jet' due to the bubble collapse and the liquid within the hole being pushed out
is ﬁrst observed on top of the plate at t = 1.67 ms. The subsequent evolution of the
`spray jet' is also seen from t = 2.33 ms to 2.77 ms. By t = 3.87 ms, the `secondary jet'
resulting from the ﬂuid pumped by the collapsed bubble emerges on top of the plate as
a thicker jet. The `spray jet' then appears to separate out. The `secondary jet' continues
96
CHAPTER 5. IMPACTING JETS AT THE MILLIMETER SCALE DUE TO A
SPARK INDUCED BUBBLE
97
CHAPTER 5. IMPACTING JETS AT THE MILLIMETER SCALE DUE TO A
SPARK INDUCED BUBBLE
Figure 5.7: The eﬀect of varying the hole radius Rh in the plate on the jet characteristics
is shown. The hole radii used, and the bubble maximum radii attained are a) Rh = 2.0
mm, Rm = 4.1 mm, b)Rh = 3.0 mm, Rm = 3.5 mm, c)Rh = 6.0 mm, Rm = 4.7 mm,
d)Rh = 7.5 mm, Rm = 5.5 mm, e)Rh = 9.0 mm, Rm = 2.7 mm, and f)Rh = 12.0 mm,
Rm = 3.1 mm. In a), the sequence is similar to that of Fig. 5.2 with a `primary jet'
(from t = 0.77 to 1.47 ms), a subsequent `spray jet' (t= 1.67 to 2.77 ms) and ﬁnally the
`secondary jet' through the hole (t = 3.87 and 6.47 ms). b), c), and d) show a similar
behavior - the bubble ﬁrst expands into the hole but only a faint or no `primary jet' is
distinguishable. This is due to the large volume of liquid in the hole (due to large Rh)
relative to the volume displaced by the bubble. During bubble shrinkage, an air-gap is
formed on top of the hole in all three cases [t = 1.10 ms in b), t = 1.23 ms in c), and t
= 1.30 ms in d)]. A crown like structure is observed on top of the hole in all three cases
upon bubble collapse. For e), the bubble collapses and oscillates almost spherically. Due
to the large hole radius Rh, the presence of the plate and the free surface simultaneously
near the bubble leads to opposing inﬂuences on the bubble to form a jet and the bubble
simply oscillates. In f), the bubble behaves as if near a free-surface and forms a jet away
from the plate. All the plates used had a thickness of L = 12 mm. The scale bar in the
ﬁrst frame of each sequence corresponds to a length of 2 mm.
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to move upward as seen at time t = 6.47 ms. The overall sequence of evolution of the
jet does not diﬀer much from the cases with Rh = 0.5 mm (Fig. 5.2) and Rh = 1 mm
(Fig. 5.4c).
We now focus on the evolution of the jet at diameters of Rh = 3.0, 6.0 and 7.5 mm
as shown in Figures 5.7b, c, and d respectively. The jet in the three cases shares some
similarities which are highlighted now. In all three cases, the bubble reaches its maximum
radius of Rm = 3.5 mm, 4.7 mm and 5.5 mm respectively at times t = 0.60, 0.73 and
0.80 ms for Figs. 5.7b, c, and d. There is only a weak or no visible `primary jet' observed
on top of the plate for the three cases. This is possibly because the expansion of the
bubbles is not strong enough to displace enough volume of ﬂuid from the hole. However,
as the bubble shrinks to its minimum volume, an air-gap is formed on top of the hole for
all the three cases (t = 1.10, 1.23 and 1.30 ms respectively). Subsequently the bubble
collapses and both the `spray jet' and the `secondary jet' can be seen for all three cases.
For Fig. 5.7b, the `spray jet' is observed to evolve into a `crown' type of structure before
the thicker `secondary jet' catches up (t = 1.43 ms to 5.60 ms). In a similar fashion, the
thicker `secondary jet' catches up with the ﬁner `spray jet' on top of the plate for the
other two cases (from t = 4.80 to 14.73 ms for Fig. 5.7c and t = 5.47 and 10.23 ms for
Fig. 5.7d). The key observation from these cases is that at increased hole radius Rh with
respect to the bubble radius Rm, the `primary jet' is weak or almost suppressed because
of insuﬃcient energy in the expanding bubble to push the liquid out of the hole.
In Figure 5.7e, an interesting observation is made. The plate used had a hole of radius
Rh = 9 mm in this case. The bubble is created at t = 0.00 ms and reaches a maximum
radius of Rm = 2.7 mm at t = 0.33 ms. Subsequently it shrinks to a minimum by t =
0.60 ms. However, after that, the bubble does not form a jet but continues to oscillate
almost spherically reaching again a maximum at t = 0.77 ms. At a much later time
(t = 3.17 ms), the bubble is observed to be almost stationary in terms of translated
distance. The reason for such a behavior of the bubble is explained as follows. As the
hole diameter with respect to the bubble radius increases, the bubble is subject to two
opposing inﬂuences that determine the direction of the jet. Due to the presence of the
plate, the bubble tends to jet upwards towards the plate. At the same time, because of
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the large Rh, the inﬂuence of the free-surface also acts on the bubble. The free surface
causes the bubble to jet away from the surface (i.e. in the downward direction). It
appears that at the combination of hole radius, bubble radius and distance H in Fig.
5.7e, both the opposing inﬂuences counteract each other almost equally resulting in a
near-spherical bubble oscillation.
In Figure 5.7f, the inﬂuence of the free-surface on the bubble is more clearly seen when
a larger hole of Rh = 12 mm is used. The bubble is created at t = 0.00 ms, reaches a
maximum radius of Rm = 3.1 mm at t = 0.57 ms, and subsequently its minimum volume
at t = 0.83 ms. However, after that, the bubble jets away from the free surface and a
trail is seen to move away from the hole (t = 0.97, 1.30 and 4.10 ms).
Thus an increase of the hole radius Rh of the plate leads to a variety of jetting phenomena
as evidenced by the results of Fig.5.7.
5.4 Conclusions
In this Chapter, a further elucidation of the phenomenon of impacting jets described
in Chapter 4 is presented. It is shown that bubble driven jet impacts and sprays can
also be replicated at a larger length scale of millimeter by a scaling up of the bubble
and the plate geometry. The mechanism behind the formation of the jets - particularly
the dynamics within the hole are directly observed by using a transparent Perspex plate
and high-speed photography. The correlation between the bubble's evolution below the
plate and the formation of the jets and sprays on top of the plate is clearly visualized
by recording both the bubble and the jet together in the same photograph. The bubble
expands against the hole leading to a `primary jet' of liquid within the hole. As the
bubble shrinks to its minimum volume, it causes a back-ﬂow of the liquid within the
hole towards the bottom of the hole. An air-gap is thus formed on top of the hole and
the `primary jet' assumes a conical shape. The bubble collapse leads to a perturbation
which propagates upwards within the hole. The collapse also leads to two eﬀects due
to the jet-induced pumping through the hole. First, the ﬂuid present within the hole is
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pushed against the air-gap on top. The interaction between the two leads to a `spray jet'
which is faster than the `primary jet' and impacts the `primary jet'. The jet impact leads
to breakup of the tip into a spray and acceleration of the jet-tip. Next, the collapsed
bubble further pumps ﬂuid throught the hole which emerges as a thicker `secondary jet'
on top of the hole.
The larger length scale of the experiment as compared to that in Chapter 4 and the use
of the transparent Perspex plate allowed a parametric study to be conducted to see the
inﬂuence of diﬀerent parameters on the jet characteristics. The eﬀect of the hole geometry
such as a slight taper, the hole diameter and the plate thickness on the evolution of the
jet and the bubble was studied. The bubble ejects the entire ﬂuid within the hole and
vents to the outside air when the plate thickness is small. This leads to a splitting of
the bubble into two and its dynamics are diﬀerent from a submerged non-equilibrium
bubble in liquid. The jet characteristics also change due to this change in the bubble
character. A slight taper in the hole does not aﬀect the jet characteristics. The location
of the water-air interface with respect to the plate inﬂuences the jet characteristics. For
the impacting jets to form, the presence of liquid within the hole is crucial and the water
level needs to be half-way or co-planar with the plate. As the radius of the hole increases,
the volume displaced by the bubble during its expansion relative to the volume within
the hole decreases. This leads to a weak or almost suppressed `primary jet'. However, an
air-gap is nevertheless formed upon shrinkage of the bubble. The liquid pumped by the
collapsing bubble causes the `spray jet' to form a `crown' like structure. At very large
hole radii, the bubble jets away from the plate as if near a free surface of water. The






The thesis presented an experimental study of the dynamics of an aspherically collapsing
non-equilibrium bubble in the study of pumping in viscous ﬂuids and the formation of
sprays and jets at the micrometer and millimeter length scales. The phenomena observed
are driven by such a bubble. High-speed video imaging was employed in the studies to
directly visualize the phenomena that occur and the dynamics of the bubble.
The dynamics of a collapsing non-equilibrium bubble in the pumping of viscous ﬂuids
was ﬁrst studied. The principle behind a collapsing bubble induced pump is as follows.
A non-equilibrium bubble situated near a rigid boundary collapses with a high-speed jet
towards the boundary. A hole at the location of jet impact can therefore lead to pumping
of ﬂuid from one side of the boundary to another through the hole by means of the jet.
An increase in viscosity leads to an increase in the stability of the bubble oscillations
and can suppress jetting. In this thesis, it was shown that the collapsing bubble induced
pumping principle can also be used to pump viscous ﬂuids. As viscosity increases, the
jet in the bubble becomes suppressed and therefore aﬀects pumping. At intermediate
viscosities, the bubble simultaneously translates and oscillates even as it forms a jet
towards the boundary. The bubble is stable and does not break-up into smaller bubbles
due to jetting. In water, the bubble collapses and then completely disintegrates into
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very small bubbles. The pumping eﬀect was also quantiﬁed in terms of the volumetric
ﬂux that is pumped through the hole as a ratio of the maximum bubble volume. The
volumetric ﬂux pumped decreases with an increase in viscosity to about 0.5 times the
maximum bubble volume for a viscosity of 900 mPas as compared to around 2 times the
maximum bubble volume in water. The non-dimensional bubble center to plate distance
H ′lim at which pumping fails also decreases with an increases in viscosity.
The formation of two impinging jets at the micrometer and millimeter length scales driven
by a non-equilibrium aspherically collapsing bubble has also been studied. Previous
studies have reported on the impingement of two jets in a head-on collision. Such impact
gives rise to a liquid sheet of elliptical shape in the plane bisecting the angle between
the jets. In the present study, two co-axially impinging jets both of which are moving
in the same direction were observed with the formation of a circular sheet of liquid in a
plane perpendicular to their axis. The jets were created at a much smaller micrometer
length scale as compared to previous studies. The oscillating bubble is the key driver
behind the phenomenon. The expansion of a bubble very close to a holed plate positioned
with its face on the surface of water results in a slow primary jet into air. The bubble
subsequently collapses with a faster secondary jet through the hole which catches up
with the ﬁrst jet and impinges on it. The bubble itself was created by the interaction
of a lithotripter shock-wave with the free surface through the hole and its reﬂection as a
rarefaction wave. High speed video images are used to establish the role of the bubble
in the formation of the jets. The absence of the bubble under diﬀerent conditions does
not lead to the jets. The experiments are further replicated at a larger length scale
where the bubble is created by a spark-discharge. Similar impinging jets are observed
using this approach. The larger dimension and the consequent slower dynamics enabled
a visualization of the physics behind the interaction of the two jets and the bubble's
role. A parametric study is also conducted which shows that the formation of the jets
is unaﬀected by the presence of a small taper in the hole. The position of the air-water
interface with respect to the plate plays an important role. Two impinging jets are not
observed when the plate is fully submerged with a thin layer of water on top. The jets are
also not observed when the plate is positioned just above the water level. The air-water
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interface should be such that some liquid is present inside the hole, in order to observe
the formation of both jets and their interaction. As the hole diameter increases relative
to the bubble size, the bubble behaves as if near a free surface with a jet away from
the boundary. Under certain conditions, the bubble simply oscillates spherically due to
a balance between the forces leading to jets in opposite directions. The phenomenon
presented is a novel method to create high-speed jets and sprays on demand.
6.2 Suggestions for future work
Based on the work described in this thesis, some future research suggestions are given.
The eﬀect of viscosity is expected to be more signiﬁcant on smaller sized bubbles in
the order of micrometers or less. A method to create such bubbles is by using a laser.
The eﬀect of viscosity in collapsing bubble induced pumping could be studied using such
laser generated bubbles. For more practical pumping applications, an array of holes
with an arrangement to create bubbles under each hole could be adopted so that greater
volumetric ﬂux is pumped. This also brings in bubble-bubble interactions into eﬀect and
so the design of such a plate could be a research problem to study. Another extension
to this work is to try numerical simulations of such bubble induced pumping. Popinet
and Zaleski [3] have done simulations on a bubble collapsing near rigid boundaries in a
viscous ﬂuid, and it would be interesting to see if the method could be used for simulation
of the experimental results presented in this thesis, possibly with some modiﬁcations to
the numerical method to account for a perforated boundary.
The study of impinging jets has revealed that the phenomenon could be replicated at a
larger length scale with slower dynamics. This observation can be utilized to appropri-
ately scale the bubble and plate system to obtain higher or lower jet speeds, and sprays.
In the experiments using the shock-wave lithotripter, it was observed that the variation
of the lithotripter pressure setting had an eﬀect on the break-up of the jets and the
velocity of the faster jet. It is likely that one would obtain jets of velocities of the order
of 100 m/s or higher at higher pressures and their penetration into biological tissue (real
or phantom) could be studied for potential application as a liquid jet injector for drug
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delivery. However, it would require suitably designed plates which do not break at a
higher pressure. The idea could be extended to design an array of holes on a ﬂat plate
with bubbles at each of the holes and leading to the high-speed jets. The design of such
a device could be explored. It was also observed that the surface characteristics of the
plate aﬀect the formation of the bubble. The speciﬁc eﬀect of surface characteristics such
as roughness and the eﬀect of hydrophobic or hydrophyllic coating on the plates could
be investigated. A diﬀerent plate material at the micrometer length scale could also
be used to determine the eﬀect of the geometry vs. the surface characteristics through
suitably designed experiments.
Some preliminary results of the jets observed when a silicon plate with two holes is subject
to a shock-wave from a lithotripter were presented. The conditions for the formation of
each of these jet types could be explored systematically. The inﬂuence of an adjacent
jet when a plate with multiple holes is used could also be explored. Another extension
of the work is in terms of theoretical and analytical approaches to describe the physics
of the liquid sheet formation, radial expansion and break-up. Previous studies in the
literature, for example [35] have attempted to analyze the sheet characteristics resulting
from impinging jets and the applicability of such or other approaches couild be explored.
A more comprehensive explanation of the physics behind the jet and spray structures
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